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ABSTRACT 
 
Rapid industrial globalization and technological development and energy 
consumption across the globe has significantly increased in response to mounting energy 
needs. The necessity for alternative and sustainable energy conversion devices has 
become apparent with the growth of energy utilization. In recent years, many research 
efforts have been made in the development of low-cost, efficient, environmentally friendly 
energy conversion devices. One type of energy conversion device, polymer electrolyte 
membrane fuel cells (PEMFCs), uses hydrogen oxidation at the anode and oxygen 
reduction at the cathode, with a solid-state proton conducting membrane between to 
generate energy with water as a by-product.  PEMFCs use Nafion®, a sulfonated 
fluoropolymer-copolymer for proton transport; however, temperature restraints and the 
need for hydration limits the efficacy of this polymer. Moreover, the kinetics of oxygen 
reduction (ORR) are significantly slower at the cathode than the anode. Platinum is 
currently the industry standard, but these materials have limited resources, are expensive, 
and can be sensitive to carbon monoxide poisoning. Platinum is also the preferred catalyst 
for hydrogen evolution reactions (HER)—critical electrochemical reactions at the cathode 
for water splitting applications for the generation of hydrogen.   
Metal-Organic Frameworks (MOFs) have been explored for proton conductivity and 
as electrode catalysts. The tunability of metal ions and organic linkers both in situ and 
viii 
 
post-synthesis allows for the targeted design of specific surface areas and topologies 
while fine tuning selective functionality. Furthermore, due to morphology retention upon 
pyrolysis, MOFs are good platforms for logical design both pre- and post- carbonization. 
Taking advantage of the amendable design, along with tunable porosity and growth in 
controlled dimensions, this work explores the modification of a zinc based MOF as a 
possible candidate for proton conduction, as well modification of zinc, cobalt, and iron 
based MOFs for ORR catalysis.  
Post-synthetic modification was employed as a technique to oxidize the 
imidazolate ligand to include carboxylic acid functionality of a zinc based MOF. Proton 
conductivity generally arises from the mobility of the charge carriers present (i.e. 
carboxylates and phosphates). The incorporation of Brønsted acidity by way of free 
carboxylates is often challenging, as these are generally sites of coordination in the 
framework. Herein, we report the successful augmentation of Brønsted acidity with 
retention of framework crystallinity in a robust MOF.   
Additionally, the effects of metal content and carbonization temperature of MOFs 
were explored for ORR and HER. Cobalt and iron were doped either pre- or post-
synthesis and carbonized in an inert atmosphere at various temperatures to generate 
MOF-derived carbons with catalytically active centers without the need for additional 
support. Carbons with parent MOFs containing moderate amounts of cobalt doping in a 
bimetallic Co/Zn MOF, or carbons that contained no zinc in the parent material, showed 
excellent electrocatalytic performance for ORR when carbonized at temperatures just at 
or above the boiling point of zinc. Zinc based MOFs were doped with various amounts of 
iron post-synthesis and prior to carbonization in an inert atmosphere. The formation of 
ix 
 
iron nanoflakes and nanorods on the surface of these carbons generated from the 
pyrolysis of these iron doped MOFs yielded high surface areas and outstanding 
electrochemical performance for ORR in both acidic and alkaline media. Likewise, 
excellent HER catalysis was exhibited by the MOF-derived carbon matrix with the highest 
iron loading pre-carbonization and more disperse nanorods.  
Not only does the amenability of MOFs make them a good platform for the direct 
inclusion of essential electrochemically active moieties, but it also allows for more 
targeted, nuanced, and rational design of materials needed to enhance proton conduction 
and electrochemical performance, particularly in cases on non-precious metal 
electrocatalysts where mechanisms are often not well-understood. 
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CHAPTER ONE: 
 INTRODUCTION 
 
Note to Reader: Portions of this chapter have been previously published 
CrystEngComm, 2015, 17, 10-22, and have been reproduced with permission from RSC 
Publishing. 
 
1.1 MOFs for Electrochemical Applications Scope 
 
With increasing population and usage of fossil fuels, the need for alternative 
and sustainable energy technologies has become a necessity. Not only must such 
technology need to, at least, match the general activity of current energy storage 
conversion and storage devices, but there is also a need for feasible and affordable 
application and distribution. Interests such as fuel cells, batteries, capacitors, solar 
cells, etc. afford much opportunity for improvement and research focus.1-7 Metal-
organic frameworks (MOFs) are a class of porous materials consisting metal ions 
or clusters coordinated by organic ligands. They are highly crystalline materials 
with a large structural diversity and permanent porosity. These features, along with 
the ability to fine tune the structure with various ligands and metal centers, lead to 
an array of applications including gas capture and storage,8-9 separations,10 
catalysis,11-12 magnetism applications,13-14 fluorescence and sensing 
applications,15-16 and more in this rapidly developing field. MOFs have been studied 
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for many energy related applications, particularly for gas storage and separations. 
What is less explored, however, is the use of MOFs as templates/precursors for 
energy conversion and storage devices. MOFs have shown early promise in 
different aspects of these technologies, and, being a relatively new field, there is 
still much more to be explored.17-18 In this introduction, I aim to narrow the focus 
on a very intriguing function of MOFs, the ability to serve as a template or self-
sacrificing precursor for electrochemical applications.  
 
1.2 Metal-Organic Frameworks 
 
The vast array of well-defined geometric secondary building units (SBU)/linker 
combinations and arrangements have led to the creation of thousands of different types 
of MOFs in recent years.19. The tunability of the reticular synthesis of MOFs has been 
the chief motive for MOFs’ use in a diverse use of applications and the field’s rapid 
growth.20 Zeolitic Imidazole Frameworks (ZIFs) are a subclass of MOFs, with transition 
metal nodes and imidazole-based linkers. ZIFs are zeolite-type structures with a M-Im-
M (M is typically Zn, Co, or rarely Fe, and Im is the imidazolate linker) that mirrors the 
Si-O-Si angle of naturally occurring zeolites. These materials form zeolite-type 
topologies, giving rise to high chemical and thermal stability, tunability, and high surface 
areas—properties that make ZIFs hybrids of typical MOFs and zeolites (Figure 1.1).21 
Because of this unique feature, ZIFs have been used in a variety of applications.21-23  In 
the coming chapters, the scope of this work will focus on ZIFs for electrochemical 
applications. 
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Figure 1.1. Typical ZIF topologies. Adapted with permission from Ref. 21. Copyright 
2005, National Academy of Sciences. 
 
1.3 Low Temperature Fuel Cells 
 
1.3.1 Platinum and Non-Precious Metal Catalysts  
Fuel cells comprise a widely studied group of energy conversion devices, offering 
efficient alternative fuel use and low emissions. According to the U.S. Department of 
Energy (DOE), over 200 light duty vehicles, more than 20 fuel cell buses, and 
approximately 60 fueling stations are currently in use in transportation applications in the 
U.S., and GM, Toyota, Honda, Hyundai, and other vehicle manufacturers are currently in 
the market to commercialize fuel cell vehicles. 24 For fuel cells to be an adequate 
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replacement for internal combustion engines (ICEs), there are key factors to be 
addressed and overcome.  
Several types of fuel cells, including polymer electrolyte membrane fuel cells 
(PEMFCs), direct ethanol fuel cells (DEFCs), and direct borohydride fuel cells (DBFCs) 
have been targeted for MOF usage. PEMFCs function with hydrogen oxidation at the 
anode and oxygen reduction at the cathode, with proton conduction in the membrane 
between. Currently, platinum group metal catalysts (PGMs) are used for both the anode 
and the cathode. While the kinetics at the anode are quite slow, the oxygen reduction 
reaction (ORR) at the cathode is significantly more sluggish than the fuel oxidation at the 
anode (Figure 1.2).25 Overcoming the slow kinetics requires increasing Pt content, which 
not only leads to higher fuel cell stack costs due to limited Pt reserves, but also lower 
durability, as Pt is subject to contamination.26 It is predicted that the fuel cell stack cost 
for PGMs, along with application, will increase to 45% at a production rate of 100,000 fuel 
cell system per year from only 21% at 1,000 fuel cell systems per year.27-28 The DOE 
target for 2020 is to develop a 60% peak-efficient, direct hydrogen fuel cell with 5000 hour 
durability at $30 kW-1.29  
In addition to attempting to reduce Pt loading, increasing efforts have focused on 
designing non-platinum group metal (non-PGM) and metal-free catalysts to replace PGM 
catalysts. Banham and Ye categorize current cathode catalysts into 6 categories: i)Pt/C, 
ii) Pt alloy, iii) core-shell, iv) shape-controlled nanocrystals, v) nanoframes, and vi) non-
precious metal catalysts (NPMCs) (Figure 1.3).30 
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Figure 1.2: General schematic of a hydrogen fuel cell. Reproduced with permission from 
Ref. 25. Copyright 2005, Elsevier B.V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Benefits and challenges for each electrocatalyst category. Reproduced with 
permission from Ref. 30. Copyright 2017, American Chemical Society. 
 
While Pt based catalysts are advantageous when grafted on carbon support as it allows 
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for the development of smaller nanoparticles, functionalizing a single element limits the 
scope of improvement without relying on additional support. NPMCs have been studied 
extensively to replace Pt with transition metal (M: Fe, Co, Ni, Cr) and metal-free catalysts. 
These materials, while promising in terms of cost, are the far from commercial 
development as comparted to Pt/C, Pt alloys, and materials that incorporate non-alloyed 
Pt and transition metals (Figure 1.4).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Development timelines for Pt, Pt alloy, core-shell, non-precious metal 
catalysts, shape controlled nanocrystals, and nanoframes. Reproduced with permission 
from Ref. 30. Copyright 2017, American Chemical Society. 
 
The major drawbacks for NPMCs depend on the application for which they are 
applied. DOE targets focus on automotive applications. However, smaller applications 
such as backup and portable power may be closer in reach for NPMC materials. General 
Motors estimates that NPMCs are to match the performance of ICEs, NPMCs will need a 
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loading of 0.0625 mg/cm2, a much lower loading that the DOE target of 0.125 mg/cm2.31 
To achieve this researchers must address the lack of stability and durability of NPMCs, 
as well as losses due to poor mass transport from thicker catalyst layers (~1000 μm for 
NPMCs versus ~10μm for Pt).31-33 
Additionally, NPMCs cannot compete in terms of power density for automotive 
applications, which is why it is much more favorable to target portable and backup power 
systems. Even so, NPMCs fall short of characteristic portable power requirements of 
~1000 h with,10% performance loss.30 To overcome these challenges, studies must focus 
on the stability of NPMCs by understanding degradation mechanisms of these materials.  
 
1.3.2 Proton Exchange Membranes 
 The membrane that separated the anode and the cathode in a PEMFC plays the 
important role of facilitating the transport of protons from the anode to the cathode. For 
this purpose, materials with high proton conductive performance are needed. Generally, 
these membranes are solid state. They are typically gel-like polymers with fixed charges 
that operate under humid conditions. These solid ionic polymers serve several purposes. 
They are electronic insulators, separate gases from the two electrodes, and act as proton 
transport. The current polymer of choice for commercial fuel cells is Nafion®, a 
fluoropolymer-copolymer with hydrophilic sulfonic acid groups (HSO3-) and a hydrophobic 
tetrafluoroethene backbone. Nafion® was introduced by Dupont in the 1970s and offered 
significant enhancement to proton conductive performance.34 Since then, other 
perfluorosulfonic acid membranes have been introduced by companies such as Dow 
Chemical (Figure 1.5).35  
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 Proton conduction in PEMFC membranes typically occurs via one of two pathways: 
the “Grotthuss mechanism” or the “vehicle mechanism”. The Grotthuss mechanism is also 
referred to as “proton hopping”. A proton from the anode attaches itself one hydrolyzed 
ionic group (HSO3-or H3O+). The other hydrogen on that group then moves to an adjacent 
ionic group.36-37 In the vehicle mechanism, ionic carriers such as H3O+ diffuse through an 
aqueous medium in response to either electroosmotic drag or a concentration gradient. 
This requires voids in the polymer chains.38-39  
 
 
 
 
 
 
Figure 1.5 Chemical structures of perflourinated polymer electrolyte membranes. 
Reproduced with permission from Ref. 35. Copyright 2000, Elsevier. 
 
  
The mechanism by which proton conduction occurs is dependent on several 
factors, including the level of hydration, and properties of the conductive material. 
Mechanisms are determined by their activation energies, with the Grotthuss mechanism 
having an activation energy of <0.4 eV when hydrated.40 Nafion® usually operates within 
an activation energy window of 0.1-0.5 eV, likely utilizing the proton hopping mechanism 
to facilitate proton transfer. The long range proton transport of protons by H-bond 
cleavage has a low energy penalty (0.11 eV), contributing to the Grotthuss mechanism 
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having slower activation energy than the vehicle method.41 Ion conductivity determined 
by alternating current impedance measurements is expressed in terms of σ: 
 
                   𝜎 = 𝑧𝑒𝑛𝜇                              (1) 
 
where σ is ionic conductivity in S/cm, z is the valence of ions (z=1 for protons), e is the 
elementary charge, n is the concentration of the charge carriers, and μ is the mobility of 
the charge carriers. The relationship between ionic conductivity and temperature is 
described by the following equation: 
 
𝜎 =
𝑛𝑒2𝐷𝑜exp⁡(
∆𝑆
𝑘
)
𝑘𝑇
𝑒𝑥𝑝 (
−𝐸𝑎
𝑘𝑇
) →
𝜎𝑜
𝑘𝑇
𝑒𝑥𝑝 (
−𝐸𝑎
𝑘𝑇
)      (2) 
 
where, n represents the number of charge carriers, charge mobility, Do is a 
constant which is related to the mechanism of ionic conductivity, k is the Boltzmann 
constant, T is the temperature (Kelvin), ΔSm is the motional entropy, and Ea is the 
activation energy for ionic conduction. Nafion® has proton conductivity between 10-1 to 
10-2 S/cm at temperatures lower than 85 oC under humidity. While its performance is 
currently the industry standard, it has several limitations. Firstly, it must operate at 
temperatures under 100 oC, limiting its use to low temperature fuel cells. At these lower 
temperatures, steam often reforms hydrogen, producing CO, which poisons Pt catalysts. 
Condensing water also at the electrode interfaces impede reaction kinetics.42 Developing 
proton conducting materials that can address these issues is paramount. 
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MOFs have been explored as proton conductors for hydrated polymer electrolyte 
membranes. The ordered and porous structure of MOFs can increase the number of 
charge carriers, allows for greater motional entropy, and lowers the Ea, and offers a 3-
dimensional pathway not only for transport, but for greater understanding of the 
mechanisms by which protons are conducted.40 Good proton conductors must have 
several features: i) high proton conductivity, ii) no electrical conductivity, iii) stability under 
operating conditions, iv) moisture control within the fuel cell stack, v) low permeability to 
reaction gases, and vi) low cost for mass production.43 
Kitagawa, et. al. proposed 3 methods to design MOFs for membrane proton 
carriers41: type I, introduce charge carriers such as H3O+, HSO4-, etc. into the pores of 
the framework;44-45 type II, graft acid groups (-COOH) onto the ligands of the MOF;46 and 
type III, include charge neutral acidic molecules such as imidazole and H3PO4 into the 
pores (Figure 1.6).47-48  
 
 
 
 
 
 
 
 
 
Figure 1.6. Schematic of MOF design for proton conduction. Reproduced with permission  
from Ref. 41. Copyright 2016, Wiley-VCH. 
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1.3.3 Oxygen Reduction Reaction 
(ii) General Principles of the Oxygen Reduction Reaction 
 The oxygen reduction reaction generally occurs by two pathways: a 2-electron 
transfer to produce H2O2 or a 4-electron transfer to produce H2O. The mechanism of 
reduction is heavily dependent on the nature of the catalyst. In general, the 
thermodynamic electrode potentials of the ORR are as follows in equations a-f:49 
 
In aqueous acidic electrolytes: 
O2 + 4H+ + 4e - → H2O                   E0 = 1.229 V           (a) 
O2 + 2H+ + 2e - → H2O2                        E0 = 0.70 V           (b) 
H2O2 + 2H+ + 2e - → 2H2O                    E0 = 1.76 V           (c) 
 
In aqueous alkaline electrolytes: 
O2 + H2O + 4e- → 4OH   E0 = 0.401 V          (d) 
O2 + H2O + 2e- → HO2 - + OH  E0 = -0.065V          (e) 
HO2 - + H2O + 2e- → 3O             E0 = 0.867 V          (f) 
 
In a 2-electron transfer for Pt catalysts, O2 adsorbs on the surface of the catalyst, 
and 2 H+ bind via a 2-electron transfer—facilitating the production of H2O2. From there, it 
will either reduce further to form water, or dissociate from the catalyst surface as hydrogen 
peroxide.50-51  For a 4 electron transfer in platinum catalysts, a partial and full reduction 
of oxygen are possible, as seen in Mechanisms 1 and 2 52 In a partial reduction, O2 
adsorbs to the surface of the catalyst, H+ binds with the adsorbed O2 (first electron 
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transfer) to form OOH. A second H+ then binds to either i) another O2 adsorbed on the 
catalyst or ii) the OOH that resulted from the first electron transfer. If case (i) happens, 
the two adsorbed OH groups form, then subsequently, two H2O molecules form. This is 
mechanism 1. If case (ii) occurs, H2O desorbs, and O adsorbs. Two H+ additions comprise 
two electron transfers on the adsorbed O. The formation of a second H2O follows.50, 53-54 
 
Mechanism 1: 
O2→ O2(ads) O2(ads) +e- + H+ → OOH(ads) OOH(ads) + e- + H+ → OH(ads) + OH(ads)  
2OH(ads) + 2e- + 2H+ → 2H2O 
Mechanism 2: 
O2→ O2(ads)O2(ads) +e- + H+ → OOH(ads)OOH(ads) H+ → O(ads) + H2O(ads)O +e-→ OH(ads)  
OH(ads) + 2e- + 2H+ → 2H2O 
 
where the subscript (ads) denotes a species adsorbed on the catalyst surface. This 
mechanism is depicted in Figure 1.7. ORR mechanisms have been extensively modeled 
in theoretical studies for a variety of Pt-based and noble metal catalysts, and mechanisms 
for some transition metal macrocyclic complexes have been explored.  
Previous studies have shown that macrocyclic catalysts with the M‐N4 moiety 
likely lead to a 4-electron reduction pathway of oxygen to produce H2O as the desired 
product..49 Binuclear M‐N4 (M=Fe, Co, Ni, etc.) moiety-containing catalysts have also been 
shown to facilitate a 4-electron pathway reduction.55 Transition metal macrocyclic 
complexes generally do not have long‐term stability in alkaline solutions, but thermal 
treatment after they have been absorbed on high surface area carbon support particles 
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increases stability and catalytic activity. This technique has been used in MOFs to 
derive ORR catalysts.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.7 Mechanism schematics based on the work of Zhang, et al.56 (a) full reduction 
of oxygen and (b) partial reduction of oxygen. Reproduced with permission from Ref. 52. 
Copyright 2017, Elsevier B. V. 
 
 
The accessibility of metal ion sites in MOFs, high volumetric density, and high micropore 
surface area make MOFs ideal catalyst precursors with no need of an additional carbon source 
prior to pyrolysis. MOFs’ advantage in ORR catalysis lies within the exposition of the catalytic site 
to the reactant to enrich mass transport due to the high density of the active sites.20, 57-58 After 
thermal treatment, the ordered structure and porosity of the active sites remain due to the MOF’s 
regularly arranged 3D structure.59 This heightened volumetric density derived from the MOF’s 
original topology is a key factor in overcoming low turnover frequencies and avoiding thick electrode 
layers, which can lead to low mass transport. It is also notable that mesoporosity and microporosity 
have a significant impact on improving ORR activity because of the active sites they host. The 
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incorporation of M-N4 active sites in MOFs with high catalytic density is beneficial for the design of 
ORR catalyst precursors. However, mechanisms via which ORR occurs on M-N4 systems, 
MOFs or otherwise, are still not understood. Thus, research efforts have focused on the 
compositional and morphological effects of catalyst functionality. In the next section, 
MOFs as self-sacrificing precursors for electrocatalysis will be discussed. 
 
(i) MOFs as precursors for precious metal electrocatalysts 
DEFCs use ethanol as a liquid fuel source, and, thus, hold an advantage to 
PEMFCs in storage and transportation.60-61 They are not, however, immune to the 
challenges of current fuel cell technologies. Currently, platinum based catalysts are still 
accepted as most effective for the ethanol oxidation reaction (EOR) at the anode and 
ORR at the cathode. Nadeem et al. synthesized and studied the use of a MOF-5 
(Zn4O(bdc)3, bdc=1,4-benzenedicarboxylate) derived porous carbon (PC-900) as a 
support for PtFe nanoparticles.62 MOF-5 was carbonized at 900 °C, then doped with PtFe 
nanoparticles resulting in PtFe/PC-900. This EOR catalyst was compared to PtFe and Pt 
supported by Vulcan XC72 carbon catalysts, which were deemed PtFe/XC-72 and Pt/XC-
72, respectively. The calculated electrochemically active surface area (ECSA) for 
PtFe/PC-900 was found to be 105.32 m2g-1 compared to 73.31 m2g-1 for PtFe/XC-72 and 
44.11 m2g-1 for Pt/XC-72. This was mainly attributed to the high dispersion of PtFe 
nanoparticles due to the larger Brunauer-Emmett-Teller (BET) surface area of PC-900 in 
comparison to XC-72. PtFe/PC-900 also shows high power density of 121 mW/cm2 and 
has a normalized activity per gram of Pt of 6.8 mA/g Pt.  
Further evidence for the advantage of MOF-5 as a precursor for carbon support 
comes from a similar work by Yi et al. wherein MOF-5 was carbonized with furfuryl alcohol 
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(FA) for use in a Pt based catalyst for DBFCs, and deemed Pt/NPC.63 DBFCs are 
promising energy conversion alternatives in which aqueous borohydride solutions serve 
as fuel. Their fast anode kinetics, high theoretical open circuit voltage (OCV), and high 
energy density represent only a few of the many advantages that DBFCs provide in 
comparison to ICEs.64 As with most fuel cell types, the high cost and limited availability of 
the precious metals used at catalysts debilitate the commercialization potential of DBFCs.  
In Yi’s work, Pt/NPC was also compared to Pt supported on XC-72 (Pt/XC-72). Pt/NPC 
not only shows a 36.38% higher current density than Pt/XC-72 for direct borohydride 
oxidation, but also has a power density of 54.34 mW/cm2 at 25 °C while Pt/XC-72 has a 
power density of 34.13 mW/ cm2. 
PEMFCs are the most widely studied fuel cells for mobile applications, owing to 
the use of hydrogen as a fuel and oxygen from the air as an oxidant to produce electricity, 
with water as the major byproduct. Kaliaguine et al. introduced Pt atoms into MOF-253 
(Al(OH)(bpydc), bpydc= 2,2’ -bipyridine-5,5’–dicarboxylate) and pyrolyzed at 
temperatures ranging from 700-1050°C, to reveal Pt nanoparticles (Pt-MOF).65 N2 
isotherms of Pt-MOF show a decreased BET surface area and reveal mesopores, 
micropores, and a decrease in pore volume. After the removal of Al species, catalytic 
activity was tested at both the anode and the cathode for Pt-MOF treated at both 950°C 
(C3) and 1050°C (C4) and compared to the commercial electrode (BASF, 0.5 mgPt/cm2). 
The anode results of C3 proved more impressive, resulting in an OCV of ~970 mV, 
comparable to the ~960 mV of the commercially available electrocatalyst. Furthermore, 
the current densities at 0.6 V Pt-MOF and the commercial catalyst are 482 mA/cm2 and 
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537 mA/cm2, respectively, while the power densities are 0.58 W/mgPt and 0.64 W/mgPt, 
respectively. 
 
(ii) MOFs as precursors for non-precious metal electrocatalysts 
Previous studies have shown that macrocyclic catalysts with the Fe-N4 moiety 
likely lead to a 4-electron reduction pathway of oxygen to produce H2O as the desired 
product, which is one of the most important aspects of PEMFCs as clean energy sources. 
26 Binuclear Co-N4 moiety catalysts have also been shown to facilitate a 4-electron 
pathway reduction. Transition metal macrocyclic complexes generally do not have long-
term stability, but thermal treatment after they have been absorbed on high surface area 
carbon support particles increases stability and catalytic activity.26 
While there are many different catalyst synthetic methods, M-N-C catalysts with 
metal-Nx (M-Nx, where N=Fe, Co, Ni, Mn, etc.) obtained through pyrolysis have shown 
activity in PEMFCs. 66 67 The first example of a MOF as a precursor came in 2011 when 
Ma et al. synthesized a cobalt imidazole framework based on the with regularly dispersed 
Co-N4 moieties using Co(NO3)2·6H2O and 3,5-imidazolate. 66 Heat treatments were done 
between 500-900 °C. After pyrolysis, the catalysts were treated with sulfuric acid to 
remove metallic cobalt (Figure 1.8).  
The ORR activity of the catalyst treated at 750°C was revealed to have an onset 
potential of 0.83 V. The mass activity at 0.8 V and 0.75 V are 0.14 Ag-1 and 1.34 Ag-1, 
respectively. This is an increase from the mass activity of the heat-treated sample before 
metallic cobalt removal. In addition, an increase in surface area was observed after acid 
sonication. t was proposed that increase in ORR activity for the sample at 750 °C can be 
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ascribed to the retention of high surface area and micropores, and the formation of 
mesopores. 
 
 
 
 
 
 
 
 
 
 
Figure 1.8 Proposed structural conversion from cobalt imidazole framework to the 
catalytic active site. Reproduced with permission from Ref. 66 Copyright 2011, Wiley-
VCH. 
 
Rotating ring disk electrode (RRDE) measurements were taken to study the 
electron transfer mechanism. The Koutecky-Levich equation was employed to find the 
number of electrons transferred, n. Calculations show that 3.3~3.6 electrons were 
transferred during the ORR catalysis.  
One of the best performing catalysts, in terms of power density using M-N4 
systems, for ORR has a power density of 0.91 W/cm2, which was first reported by Dodelet 
et al. in 2011 33 ZIF-8, a zeolitic imidazolate framework based on 2-methylimidazole, was 
used as a carbon support for iron(II) acetate and 1,10-phenanthroline (phen), the nitrogen 
source. ZIF-8, iron(II) acetate, and phen were ball milled together in various ratios, heated 
at various temperatures in Ar, and then subsequently heated in NH3. The best precursor 
ratio held a 20/80 mass ratio of phen to ZIF-8 and was heated at 1050 °C in Ar for 1 hour 
and 950 °C in NH3. The power density at 0.6 V was found to be 0.75 W/ cm2, which is 
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comparable to the commercial Pt catalyst. The volumetric activity of the Fe-based catalyst 
is increased by a factor of 2.3 in comparison to the Pt-based catalyst. This was attributed 
to the improved mass transport in the carbon support. This gives further evidence that the 
presence of both micropores and mesopores in the carbon support aid in improving 
activity, as Fe and N were observed to have no effect on mass transport. Since this work, 
many studies using iron based catalysts with phen and MOF supports have been 
published.   
Dodolet et al. continued studies on this system to enhance performance and improve 
durability.68 The catalyst previously studied was subject a second heat treatment in NH3, 
but degrades more slowly if it only undergoes pyrolysis in Ar. Therefore, after only the 
initial heat treatment, the catalyst, thus named NC-Ar, was used to study activity and 
stability. To improve activity, the mass transport properties were targeted due to the 
thickness of non-PGM catalysts versus PGM catalysts. It was previously reported that 
graphitization is possible a source of stability.69 Adding 26 wt% carbon fibers with an 
average diameter of 150 nm to the catalyst precursor showed improvement in the catalyst 
performance; however, further heat treatments were needed to improve durability, which 
still remains and issue (Figure 1.9). One very important conclusion was drawn: 
degradation of good catalytic sites coincided with the activation of catalytic sites that were 
not originally active or had meager performance because of the improvement of mass 
transport.  
ZIF-8 impregnated with furfuryl alcohol (FA) was both pyrolyzed, then doped with 
iron(II) acetate and phen, and doped with iron(II) acetate and Phen, then pyrolyzed in 
Jaouen et al.’s work.70 The higher power performances observed in this work belong to 
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those catalysts that contain not only micropores, but mesopores in the 2-4 nm range, 
related to the 1.8-2 nm range reported by Liu et al., again providing evidence that 
micropore and mesopore presence in a carbon support increases mass transport 
properties. 
 
 
  
 
 
 
 
 
 
 
Figure 1.9 TEM image of the NC Ar (F90) catalyst containing 26 wt% fibers. Reproduced 
with permission from Ref. 68. Copyright 2014, Elsevier B.V. 
 
Moreover, it is believed that, in this case, heat treatment in heat treatment in NH3 does 
not necessarily contribute to N content, but has a major function in creating micropores 
and small mesopores that connect already existing active sites to the surface.   
In another work by Banerjee, Kurungot et al., to tune porosity of the carbon materials, 
Zn-based multi-ligand ZIFs using on imidazole/2-nitroimidazole (ZIF-70), 2-
nitroimidazole/benzimidazole  (ZIF-68), and 2-nitroimidazole/ 5-chlobenzimidazole (ZIF-
69) were embedded with iron phenanthroline complexes, [Fe(Phen)3]2+, and heated at 
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900°C in Ar71 It was found that the catalyst prepared from ZIF-70 (FeNC-70) has a larger 
surface area and is more porous, allowing for higher loading of [Fe(Phen)3]2+. Rotating 
disk electrode (RDE) measurements reveal an onset potential of 0.80 V for FeNC-70, and 
RRDE results shown values of 3.3-3.8, favoring water production.  
Jaouen and coworkers also investigated the replacement of phen with 2,46,-tris(2-
pyridyl)-s-triazine (TPTZ) in the FeII/ligand/ZIF-8 precursor.72 The aim was to improve 
previous use of TPTZ on a high surface area carbon support by Zhang et al. by studying 
Fe-ligand coordination strength.73,74 It was found that it is imperative that Fe remain 
coordinated to the ligand during the impregnation of ZIF-8 so that the Fe-ligand complex 
remains on the surface of the ZIF-8 particles, ensuring catalytic activity.  
Liu and coworkers’ work continued with another replacement of phen on a ZIF-8 
support.67 An iron imidazolate framework [Fe3(imid)6(imidH)2]x, coined, FeIM, was 
synthesized with ferrocene and imidazole. Metallic iron was removed after heat treatment 
at 700, 800, and 900°C in Ar, yielding FeIM700, FeIM800, and FEIM900, respectively. 
FeIM was also ball milled with ZIF-8 and pyrolyzed at 1050°C in Ar, then 950°C in NH3 
for 15 minutes, giving FEIM/ZIF-8. RRDE measurements showed that FeIM700 has an 
onset potential of 0.855°C and n values within the range of 3.70-3.81. FeIM/ZIF-8 showed 
the best activity overall with an onset potential of 0.915 V. Values of n lie within the range 
of 3.83-3.93, highly favoring the 4-electron transfer mechanism with a H2O2 yield <8.6%. 
In this case, it is believed that the ammonia treatment increases N content. For FeIM700, 
FeIM800, and FeIM900, activity decreases with decreasing N content, helping support 
importance of N content in ORR activity. 
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(iii) MOFs as precursors for metal-free electrocatalysts 
High surface area carbons have been targets of studies for use in various energy 
related applications.75-76 Given that MOFs have already been used as precursors for high 
surface area carbon supports with metals, it is no surprise that they would be investigated 
for use with heteroatoms for applications such as fuel cells, lithium ion batteries, solar 
cells, etc. Kurungot et al., utilized in situ graphitic carbon nitride (g-C3N4) polymerization 
by (a) grinding MOF-5 and melamine together before heat treatment, and (b) soaking 
MOF-5 and melamine in an ethanol solution prior to heat treatment (Figure 1.10) 77 It is 
to be noted, unlike the ORR activities tested in the previous examples, which are typically 
done under acidic conditions (HClO4 or H2SO4), this example and the next are under 
alkaline conditions. MOFCN900, the catalyst prepared under the first synthetic method 
and heated at 900°C shows the highest catalytic activity of all the samples tested, has a 
current density of 4.2 mA/cm2 with n value of 3.12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.10 Construction of MOF-derived carbon via in situ g-C3N4 polymerization. 
Reproduced with permission from Ref 77. Copyright 2014, Royal Society of Chemistry. 
   
 
22 
 
To utilize an alternative green carbon precursor in comparison to previously used FA, 
Cao et al. (a) soaked ZIF-7 (Zn(NO3)2· (H2O)3) in an aqueous glucose solution prior to 
pyrolysis, and (b) ground ZIF-7 and glucose together prior to pyrolysis. The results were 
deemed Carbon-L, for the method ‘a’ and Carbon-S for method ‘b’.78 Carbon-L shows an 
onset potential of 0.85 V vs. RHE, and with n value 3.68 at 0.3 V, close to the commercial 
20% Pt/C. It was also found to be tolerant to methanol whilst the Pt/C catalyst was 
poisoned. Studying the chronoamperometric response in 25000 s, Carbon-L retained 
75% of its relative current while 20% Pt/C only retained 53%. 
 
1.4 Conclusions 
 
The use of MOFs as self-sacrificing precursors for fuel cell electrocatalysts is an 
exceptionally fresh area of research. The first example was in 2011, and much work has 
been dedicated to the field since. While strides have been made in recognizing design 
features of beneficial use, and some aspects of catalysts’ activities have been akin to Pt 
based catalysts in similar conditions, major pitfalls arise in the durability of non-PGM 
catalysts based on MOFs. Also, although certain functionalities have been proven to have 
good catalytic activity, there is still a lack in understanding of the mechanisms in which 
ORR occurs in these catalysts, which necessitates further exploration to make the most 
efficient catalyst design. 
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CHAPTER TWO: 
 IMPARTING BRØNSTED ACIDITY INTO A ZEOLITIC IMIDAZOLE FRAMEWORK 
 
Note to Reader: Portions of this chapter have been previously published in Inorg. 
Chem. Front., 2016, 3, 393 and have been reproduced with permission from RSC 
Publishing. 
2.1 Abstract 
 
A zeolitic imidazole framework, ZIF-90, decorated with imidazole-2-
carboxaldehyde was post synthetically modified by way of H2O2 oxidation resulting in the 
transformation from the aldehyde functionality to carboxylic acid, producing a new 
crystalline framework. The preservation crystallinity and porosity after post-synthetic 
oxidation was confirmed by powder x-ray diffraction studies and N2 gas adsorption 
analysis respectively. The successful conversion of the aldehyde group into carboxylate 
group was verified by FT-IR studies, which resulted in remarkable enhancement of 
methylene blue uptake in the resultant ZIF-90-COOH due to the strong electrostatic 
interactions between cationic methylene blue and the anionic carboxylate group. 
Langmuir and BET surface areas of the resultant framework were 421 and 376 m2 g-1, 
respectively, as calculated from the N2 isotherm. Furthermore, methylene blue adsorption 
capacity was found to increase significantly from the parent ZIF-90 to the resultant ZIF-
90-COOH, providing further evidence that hydroxy groups were successfully grafted onto 
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the framework. This modification allows for the fine tuning of ZIF-90 for proton conduction, 
and further indicates the chemical stability of the robust crystal structure. 
 
2.2 Background 
 
 Metal-organic frameworks (MOFs) comprise a structurally diverse family of three-
dimensional porous crystalline materials facilitated by the combination of metal nodes 
coordinated by organic linkers.1-2 Their permanent porosity, high surface area, well-
defined pore size, and innate tunability allow for the design of these structures for various 
applications including gas storage,2-4 catalysis,5-8 imaging and sensing,9-10 and energy 
storage.11-12 The broad and sundry applications of MOFs have extended to the 
exploitation of Brønsted acid moieties on or within the frameworks. Heterogenous 
catalysis has been heavily studied amongst MOF applications, with MOFs decorated with 
acidic protons showing excellent catalytic activity in Friedel-Craft alkylations,13-15 cellulose 
conversion,15 and more.16-17 In addition to their usage in catalysis, Brønsted acid moieties 
in MOFs have also shown potential in proton conduction applications. 
In comparison to many other solid state and porous materials, MOFs hold the 
advantage that they are robust coordination polymers with high flexibility and tunable 
reactivity depending on the linkers.2, 18-21 This not only gives way for more controlled 
conductivities, but also allows for the observation of proton-conducting pathways.22-23 
One of the less explored methods of Brønsted acid inclusion in a MOF is the addition of 
acidic protons directly on the coordinating linkers of the construct.24 The inclusion of polar 
and acidic groups within a MOF normally gives rise to Brønsted acidity and other 
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measures related to acid strength.  The mobility of the charge carriers present (i.e. 
carboxylates and phosphates) facilitate the Brønsted acidity and proton conductivity of 
the material.25-26 
However, the embodiment of Brønsted acidity poses many challenges in the 
synthesis and design of MOFs. The incorporation of acidic protons can diminish structural 
stability or interfere with the formation of the framework, as Brønsted acid sites are 
typically the sites of metal coordination. Moreover, the characterization of solid acids 
proves arduous: the Brønsted acid sites are often sporadic and the acid-base equilibrium 
cannot be substantiated.27 Acid sites are generally introduced into the framework through 
encapsulation of the acid into the pores,28-29 ligating the acid onto metal sites,30-31 or 
covalently affixing the acid site onto the ligands of the framework.32-34 
Here, we report a different approach of post-synthetic oxidation to impart Brønsted 
acidity into a MOF as exemplified in the context of post synthetically oxidizing the 
aldehyde group in a zeolitic imidazole framework (ZIF) into a carboxylate group.    ZIFs, 
a subclass of MOFs, have shown both robust chemical and thermal stability, thereby 
making them good candidates for the post synthetic introduction of acid moieties under 
the predominantly harsh synthetic conditions required for grafting acidic protons on the 
framework.35-36 ZIF-90, a crystalline material with sodalite (sod) topology, is comprised of 
imidazole-2-carboxaldehyde and zinc(II) linkers and nodes, respectively, and represents 
a simple model for modification in a severe chemical environment. 
This construct was chosen for post-synthetic modification to augment Brønsted 
acidity present within the framework. Moreover, imidazole-2-carboxaldehyde is mono-
substituted with an aldehyde functional group prior to ZIF-90 synthesis, making ZIF-90 an 
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elementary ZIF ideal for a simple oxidation.  Herein, we report the synthesis of a new 
framework derived from ZIF-90. ZIF-90 was synthesized via solvothermal methods37 and 
treated with hydrogen peroxide38 in acetonitrile in an ambient temperature to generate a 
new, modified framework, ZIF-90-COOH, decorated with –COOH groups (Figure 2.1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 ZIF-90, treated with 30 wt% H2O2 in acetonitrile for 72 hours at 25 ˚C to yield 
ZIF-90-COOH 
 
2.3 Experimental Section 
 
2.3.1 General Methods 
 
(i) Sample Preparation 
 
High purity reagents were purchased from Fisher Scientific and Alfa Aesar and 
used without further purification. ZIF-90 and ZIF-90-COOH were activated by 
submerging the crystals in neat methanol twice daily for 3 days, and were then 
activated under vacuum at 25 OC for 24 hours.  Isotherms were collected on an 
ASAP 2020 Surface Area and Porosity System at 77K a liquid nitrogen bath. 
Methylene blue uptake was monitored on a JASCO V-670 spectrophotometer at 
665 nm. 
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(ii) Synthesis of ZIF-90 
ZIF-90 was synthesized solvothermally, modified from the description by Yaghi, et 
al.1 Zinc nitrate tetrahydrate (Zn(NO3)2·4H2O) (0.027 g, 0.11 mmol) and imidazole-2-
carboxyaldehyde (0.029 g, 0.30 mmol) were charged to a vial containing N,N-
dimethylformamide (DMF, 15 mL) and heated in a programmable oven for 48 h at 85 ºC. 
Yield (0.030 g, 54 %). 
 
2.3.2 Post-synthetic Modification of ZIF-90 
 
(ii) Synthesis of ZIF-90-COOH 
ZIF-90 (30 mg, 0.12 mmol) was washed twice a daily with fresh acetonitrile over a 
period of 3 days. The crystals were then immersed in 3 mL of acetonitrile. Hydrogen 
peroxide (30%, 50 μL, 0.49 mmol) was added to the reaction mixture. Yellow, opaque 
crystals were obtained after 48 h, and the solvent was further exchanged with acetonitrile 
twice daily over a period of 3 days, giving a yield of 0.02 g (61.5%). 
(ii) Methylene blue Adsorption Tests 
 
To determine the methylene blue uptake capacity, ZIF-90 and ZIF-90-COOH were 
activated and dried at 25 °C. The crystals (10 mg) were soaked in aqueous 20 mL 
methylene blue solutions ranging from 5 ppm to 100 ppm for 12 hours. The solutions were 
decanted, and UV-Vis absorbencies were measured (at λ= 665 nm) and compared to the 
calibration curve. The adsorption capacities were calculated according to Equation (1): 
 
 𝑄𝑒 =
(𝐶0−𝐶𝑒)𝑉
𝑚
                (1) 
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where Qe (mg/g) is the adsorption capacity, C0 (mg/L) was the initial concentration, Ce 
(mg/L) was the final concentration, m (g) was the mass of the framework used, and V (L) 
was the volume of the methylene blue solution.39 
 
2.4 Results and Discussion 
 
Due to the fragility of many MOFs and ZIFs, crystallinity must be ensured after 
post-synthetic modification, particularly because of the strong oxidizing nature of 
hydrogen peroxide. The phase purity of ZIF-90 was confirmed by powder X-ray diffraction 
(PXRD), and the resulting patterns are comparable to the calculated pattern of ZIF-90 
(Figure 2.2). Powder x-ray diffraction patterns were also collected for the oxidized variant. 
The new construct, ZIF-90-COOH, showed strong similarities to ZIF-90 while maintaining 
crystallinity and structural integrity. To confirm the permanent porosity of ZIF-90-COOH 
after the post-synthetic oxidation of ZIF-90, gas adsorption studies were performed on 
the new crystalline material for the examination of surface area and pore size distribution. 
The N2 isotherm at 77 K revealed ZIF-90-COOH retains the typical microporous type-I 
adsorption behaviour with a Brunauer Emmett-Teller (BET) surface area of 376 m2 g-
1 (Langmuir surface area of 421 m2g-1), which is lower than that of the parent ZIF-90.  ZIF-
90 with a BET surface area of 1166 m2g-1 (Langmuir surface area of 1302 m2g 
1) (Figure 2.3) and exhibits microporosity.  
 
 
 
 
 
35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 PXRD patters of simulated ZIF-90 (blue), ZIF-90 fresh sample (black), and 
ZIF-90-COOH (red). 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 N2 isotherms at 77 K of ZIF-90 (black) and ZIF-90-COOH (red). 
The observed reduction in surface area after post-synthetic oxidation should be 
presumably due to the conversion of the aldehyde groups to the bulkier carboxylate 
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groups, which block the pore and reduce the pore volume. This is supported by the 
density functional theory (DFT) pore size distribution analysis, which shows that pore 
sizes of ZIF-90-COOH are predominantly distributed around 8.6 Å as compared to 11.0 
Å for the parent ZIF-90 (Figure 2.4). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Density functional theory (DFT) pore size distribution analysis for ZIF-90 
(black) and ZIF-90-COOH (red) with N2 at 77K. 
 
FT-IR was utilized to verify the carboxylic acid moiety in the new framework 
(Figure 2.5). A strong ν(C=O) band of was observed at 1677 cm-1 in ZIF-90, indicating the 
carbonyl of the aldehyde. A similar v(C=O) of 1621 cm-1 in ZIF-90-COOH represents the 
retention of the carbonyl functionality in the new structure. A decrease in frequency from 
a standard ketone reference is attributed to the electron-donating properties of the 
imidazole constituents to which the carbonyls are attached. Furthermore, the hydroxyl 
group of the carboxylic acid was confirmed via the broad v(O-H) peak at 3293 cm-1.   
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  It has recently reported that MOFs containing carboxylic acid 
groups show remarkable methylene blue uptake from aqueous solutions due to 
the strong interactions between the dye and the framework (Figure 2.6).39 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 FT-IR Spectra of ZIF-90 (black) and ZIF-90-COOH (red). 
 
Figure 2.6 Methylene blue. 
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Methylene blue removal from aqueous solutions and the related surface 
interactions were studied for ZIF-90-COOH and control experiments were also conducted 
on the parent ZIF-90 (Figure 2.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7 (a) Aqueous methylene blue absorbances of ZIF-90-COOH at 30 minutes 
(green), 2 hours (blue), 4 hours (red), and 6 hours (black); (b) Aqueous methylene blue 
absorbances of ZIF-90 at 30 min (black) and 6 hours (red). 
 
 
ZIF-90-COOH was soaked in 20.0 mL of a 5-ppm aqueous methylene blue 
solution. The adsorption was observed by UV-Vis spectroscopy (λ=665 nm). 
a 
b 
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Absorbances were taken over time, resulting in a 64% decrease in concentration after 6 
hours. For comparison, the same study was carried out with the parent ZIF-90, with larger 
pores but lacking the carboxylic acid functionality. After 6 hours, the concentration 
decreased only 8%. Adsorption capacity tests reveal methylene blue uptake of 43 mg/g 
for ZIF-90-COOH, which is about ten times higher than that for ZIF-90 (4 mg/g) (Table 
2.1). 
 
Table 2.1 Summary of Methylene Blue Uptake 
 
 
 
 
 
 
Such dramatic boost of methylene blue uptake observed from the parent to the 
resultant ZIF-90-COOH should be attributed to the strong interactions between methylene 
blue molecules and the carboxylate groups19 within ZIF-90-COOH as evidenced by the 
FT-IR studies (Figure 2.8). The symmetric and antisymmetric stretches of C-O on ZIF-90-
COOH are characterized by the in-phase and out-of-phase vibrational modes of vs(COO) 
at 1393 cm-1 and vs(COO) at 1602 cm-1. The electrostatic interactions between the 
cationic methylene blue and the anionic framework give rise to a drift of the antisymmetric 
vibrational mode to a stronger band at 1323 cm-1. 
 
Framework or 
Compound 
BET Surface 
Area 
Pore Size Uptake 
capacity 
ZIF-90 1116 m2 g-1 11 Å 4 mg/g 
ZIF-90-COOH 376 m2 g-1 11 Å 43 mg/g 
Methylene blue 
- 16 x7 Å  
(size of molecule) 
- 
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Figure 2.8 (a) Comparison of FT-IR spectra of methylene blue (red), ZIF-90 (blue), and 
ZIF-90 with methylene blue (black); (b) Comparison of FT-IR spectra of methylene blue 
(red), ZIF-90-COOH (blue), and ZIF-90-COOH with methylene blue (black). 
 
2.5 Conclusion 
 
In summary, a zeolitic imidazole framework, ZIF-90, decorated with imidazole-2-
carboxaldehyde was post synthetically modified by way of H2O2 oxidation, resulting in the 
a 
b 
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transformation from the aldehyde functionality to carboxylic acid and producing a new 
crystalline framework, ZIF-90-COOH. The addition of carboxylic acid moieties was 
confirmed by methylene blue uptake, resulting in an increase of dye adsorption of 39 
mg/g. The retained crystallinity and porosity of the framework created from the peroxide 
treatment of ZIF-90 gives further evidence of the chemical stability and tunability of ZIFs, 
and creates opportunity for further proton conduction studies. 
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CHAPTER THREE:  
EFFECTS OF METAL CONTENT ON THE OXYGEN REDUCTION REACTION 
 
3.1 Abstract 
 
Zeolitic Imidazolate Frameworks (ZIFs) have been studied extensively for use in 
Polymer Electrolyte Membrane Fuel Cells. Metal content, surface area, and porosity 
comprise vital factors in the rational design of cathode electrocatalysts. Herein, we report 
a systematic study of varying cobalt dosage in a ZIF-derived carbon for oxygen reduction 
reaction catalysis. Several cobalt analogues of ZIF-7 were carbonized at various 
temperatures to yield metal-doped activated carbons. The catalyst derived from a 25% 
cobalt substitution of zinc exhibited the highest surface area and showed the highest 
catalytic activity including onset potential and electron transfer amongst all catalysts 
examined.  
 
3.2 Background 
 
3.2.1 Non-precious Metal ORR Catalysts 
Fuel cells have been some of the most promising clean energy storage devices 
studies in recent years. For polymer electrolyte membrane fuel cells (PEMFCs), the 
performance is highly dependent on the oxygen reduction reaction (ORR) at the cathode, 
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whose kinetics are significantly slower than that of the anode.1 Precious metal catalysts 
are currently the preferred cathode materials; however, limited resources, high cost, and 
stability hinder large scale production.2, Metal-Organic Frameworks (MOFs) have been 
used in numerous energy applications as either direct catalytic materials or as precursors 
in catalyst synthesis.3,4 Much research has focused on non-precious metal (NPMCs) that 
employ transition metal nodes and carefully selected organic linkers to fine tune electronic 
properties. For NPMCs, metal-nitrogen-carbon (M-N-C) moieties are generally 
considered the active sites for oxygen reduction, although the exact mechanism by which 
the reduction occurs at these sites is not well understood.5 To effectively make use of 
transition metal catalysts, several design factors are necessary. The conductivity of most 
transition metal based electrodes is very meagre. Overcoming this barrier requires 
combination with high conducting materials, such as various types of carbons.  
 
3.2.2 Co and Zn based MOFs as electrocatalysts 
Zeolitic Imidazolate Frameworks (ZIFs), a subclass of MOFs, contain imidazolate 
linkers bridged to metal nodes via nitrogen, generating desired M-N-C active sites. The 
pyrolysis of these material has been used extensively in several electrochemical 
applications using transition metals such as Zn, Co, and Fe. Zn- and Co-ZIFs have been 
used in numerous applications from PEMFCs to lithium-ion batteries and 
supercapacitors.6-10  The role of Zn in ZIFs as electrocatalyst precursors varies dependent 
on whether the catalyst that results from pyrolysis will be have metal or be metal-free. Zn 
based MOFs, in general, typically have well dispersed nitrogen throughout the framework. 
The synthesis of these materials tends to be facile and cost effective. A central aspect of 
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Zn based MOFs is that upon pyrolysis at temperatures above the boiling point of Zn (908 
oC), Zn is released from the framework, leaving behind nano-sized pores which drive an 
increase in porosity and surface area. In particular, at higher pyrolysis temperatures 
promote the formation of ZnO, which is difficult to remove due to its high boiling point 
(2360 oC). Conversely, the carbon generated by the degradation of the MOF during 
pyrolysis facilitates the reduction of ZnO to Zn, which then evaporates. The high surface 
areas and narrow pore size distributions that result from this evaporation are key features 
in the enablement of mass transport in electrocatalysts. However, upon the removal of 
Zn, the carbon materials generated are often have an insufficient number of active sites 
and require transition metal doping to create carbon based materials with no additional 
support.11-14 Cobalt is frequently used as a co-dopant in Zn based ZIFs.15 High amounts 
of Zn in the framework can prevent the sintering of Co during pyrolysis, as Co becomes 
spatially isolated with the presence of Zn dispersed throughout the material. The 
regulation of surface area in Co/Zn bimetallic ZIFs helps to create Co-N-C catalysts with 
large surface areas and large quantities of pyridinic and pyrrolic nitrogen, which are 
essential in ORR catalysis for M-N-C systems.16 
Additionally, the pyrolysis of Co based MOFs can also be used to produce metal 
oxides and can be tailored for controlled heteroatom doping for a variety of 
electrochemical applications. Controlled pyrolysis of Co-MOFs in an inert atmosphere and 
in air form Co3O4/carbon mixtures, which show promise in ORR reactions, 
supercapacitors, and Li-ion batteries.17-20 Cobalt oxides derived from Co-MOFs have 
many different morphologies, whose tunability gives rise to high surface areas and good 
electron conductivity.10, 20-22  
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M-N-C catalysts are the most promising of targeted active sites in the development 
of NPMCs. Charge redistribution that arises from heteroatom doping in the carbon matrix 
lowers the potential of the oxygen reduction, weakening the O-O bond.23 For this reason, 
ZIF-7, a Zn based ZIF was chosen as a construct to generate a series of bimetallic Co/Zn 
MOFs for oxygen reduction reaction catalysis. ZIF-9, a Co-ZIF isostructural to ZIF-7 is 
also explored as a Zn free catalyst. In this chapter, the effects of varying the bimetallic 
ratios of transition metal species, as well as the properties that arise from tuning pyrolysis 
temperatures will be explored. 
 
3.3 Experimental Section 
 
General Information: All chemicals were purchased from Sigma-Aldrich or Fisher 
Scientific and used without further purification. 
 
3.3.1 Synthesis of ZIF Catalysts 
Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (0.490 g, 1.65 mmol), benzimidazole 
(C7H6N2, 0.195 g, 1.65 mmol), and N,N‐dimethylformamide (DMF, 15 mL) were charged 
to a 20 mL vial and heated at 130 oC for 48 hours. Yield: 0.050 g, 60% based on 
benzimidazole). ZIF-9 was synthesized following a previously established method.24 
Cobalt nitrate hexahydrate (Co(NO3)2·6H2O) (0.210 g, 0.721 mmol), benzimidazole 
(C7H6N2, 0.060 g, 0.507 mmol), and N,N‐dimethylformamide (DMF, 18 mL) were charged 
to a 20 mL vial and heated at 130 oC for 48 hours. Post synthesis, chloroform was added 
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to the vial and purple cubic crystals were removed from the top layer and dried. (Yield: 
0.030 g, 30% based on benzimidazole). 
To synthesize of ZIF-7 cobalt analogues, zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O) and cobalt nitrate hexahydrate (Co(NO3)2·6H2O) were combined at 
various ratios between 0.2970 mmol and (0.0884 g of Zn(NO3)2·6H2O and 0.0864 g of 
Co(NO3)2·6H2O) and 0.0330 mmol (0.0098 g of Zn(NO3)2·6H2O and 0.0096 g of 
Co(NO3)2·6H2O) and charged to a 20 mL vial containing benzimidazole (C7H6N2, 0.0390 
g, 0.330 mmol), and N,N‐dimethylformamide (DMF, 15 mL)  in and placed in a 
programmable oven at 130 oC for 48 hours. Purple, cubic crystals were obtained (Yield: 
0.030 g, 30% based on benzimidazole).  
Acid Treatment was employed post-synthesis, as all catalysts were subjected to 
thermal treatment in 1M H2SO4 at 80 oC for 24 hours under continuous agitation. This 
resulted in ~50% weight loss due to the leaching of cobalt and zinc metallic crystallites. 
The acid was then exchanged with methanol twice daily for 3 days. 
Upon drying crystals were ground into a fine powder and placed in a ceramic 
crucible in an Applied Test Systems Furnace and Temperature Control System furnace 
pyrolyze of ZIF-7 cobalt analogues. Heat treatment was performed by carbonizing the 
ZIFs under inert conditions at temperatures typically varying from 950-1050 oC for 1 hour, 
resulting in ~50% weight loss. Catalyst inks were prepared with 30:70 Nafion® (5 wt%): 
catalyst with 1 g of methanol and were stirred for 3 days, then fixed amounts were 
dropped onto an electrode surface and allowed to dry. 
 
3.3.2 Characterization 
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Inductively Coupled Plasma Mass Spectroscopy(ICP-MS) data was collected using a 
Perkin Elmer Elan DRCII Quadrupole Inductively Coupled Plasma Mass 
Spectrophotometer. Powder X-ray Diffraction (PXRD) patterns were obtained at room 
temperature using a Bruker D8 Advance Theta/2 Theta Diffractometer with a Cu radiation 
source (Cu Kα, λ= 1.5406 Å). Measurements were taken between 10o and 85o at 1 
seconds/step with an increment step size of 0.0205o. Brunauer–Emmett–Teller (BET) 
surface area and porosity measurements were obtained with a Micromeritics ASAP 2020 
Surface Area Analyzer with N2 at 77 K using a liquid N2 bath. Catalyst were activated at 
room temperature for 24 hours after methanol activation.  
Transmisson Electron Microscopy (TEM) images were collected with a FEI 
Morgagni TEM with a tungsten emission source and an operating voltage of 100 kV. 
Raman spectroscopy spectra were collected with a Horiba Scientific LabRAM HR 
Evolution at a wavelength of 532 nm. 
 
3.3.3 Electrocatalytic Studies 
Electrocatalytic studies were carried out via a typical three electrode system with 
a gold counter electrode and a Hg/Hg2SO4 reference electrode filled with 0.5 M H2SO4. A 
glassy carbon disk (GC) (Pine Instruments model AFE7R9GCPT) with a platinum ring 
was used as the working electrode. The electrode has collection efficiency, N, of 37%. 
The disk potential was controlled by a Multi-channel VSP3 potentiostat from BioLogic 
Science Instruments. The rotation rate was controlled by a Pine MSR Electrode Rotator 
(model AFMSRCE). Approximately 240 μg of catalyst ink was deposited on the GC 
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surface with a pipette and allowed to dry. All experiments were carried out at room 
temperature. Ultra-high purity nitrogen was used for background correction.  
Cyclic voltammetry (CV) experiments were conducted in ultra-high purity oxygen. 
The electrolyte solution, 0.1 M H2SO4, was purged with oxygen for half an hour prior to 
beginning the experiment to ensure saturation. A scan rate of 50 mVs-1 was used with a 
potential range of -1.0 to 1.0 V vs RHE.  
Rotating ring-disk (RRDE) voltammetry experiments were conducted in ultra- high 
purity oxygen. The electrolyte solution, 0.1 M H2SO4, was purged with oxygen for half an 
hour prior to beginning the experiment to ensure saturation. A scan rate of 10 mVs-1 was 
used with a potential range of -0.2 to 1.0 V vs RHE. A rotation rate of 1600 rpm was used 
to determine the electron transfer number, n A rotation rate of 1600 rpm was used to 
determine the electron transfer number, n, according to the following equation: 
            
(1) 
 
where Id is the disk current, Ir is the ring current, and N is the collection efficiency of the 
working electrode (37 %). 
Alternatively, the electron transfer number can also be determined via the 
Koutecky-Levich equation at a range of electrode potentials: 
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(4) 
 
where j is the experimental current density, jk is the kinetic current density, jl is the 
diffusion-limiting current density, ω is the angular velocity of the disk, n is the number of 
electrons transferred, F is Faraday’s constant (96485 Coulombs/mol), Do2 is diffusion 
coefficient of O2 in the electrolyte (1.93 ×  10-5 cm2s-1), v is the kinematics viscosity of the 
electrolyte, and Co2 is the concentration of O2 in electrolyte (1.26 × 10-6 mol/cm3), and k 
is the electron transferred rate constant.  
 
3.4 Results and Discussion 
 
Following the synthesis of the parent bimetallic ZIFs, metal content was confirmed via 
inductively coupled plasma mass spectroscopy (ICP-MS). Ratios ranging from 12% Co:Zn 
to 35% Co:Zn were obtained (Table 3.1).  
 
Table 3.1 Metallic Molar Percentages of ZIF-7 Cobalt Analogues 
 
 
 
 
To confirm the crystal phase of the ZIF-7 analogues PXRD patterns were collected. 
PXRD peaks coincided with the parent ZIF-7 pattern, confirming retention of the crystal 
structure (Figure 3.1).  
Molar Percent of Zn in 
Starting Material 
Molar Percent of Co 
in Starting Material 
Molar Ratio Percent of 
Zn to Co in Analogues 
80 20 12 
70 30 35 
50 50 25 
𝑗𝑘 = 𝑛𝐹𝑘𝐶𝑂2     
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Figure 3.1 PXRD patterns of ZIF-7 and bimetallic analogues. ZIF-7 (red), ZIF-7 (12% Co) 
(brown), ZIF-7 (25% Co) (green), ZIF-7 (35% Co) (blue). 
 
 
Dry crystals were ground and carbonized, with pyrolysis temperatures ranging from 900 
to 1050 oC, to ensure the removal of zinc. The resultant porous carbon-cobalt analogues 
were subsequently sonicated then soaked in 0.5 M H2SO4 at 80 oC to remove metallic 
character on the surface. After exchanging the acid for fresh solvent, these materials were 
ground, and catalyst inks were generated.  
 
3.4.1 Oxygen Reduction Reaction Catalysis 
Cyclic voltammetry and Rotating-ring disk voltammetry experiments were performed to 
determine the catalytic activity of the materials, including the onset potentials, electron 
transfer numbers, current densities, and mass activities for each ZIF-derived cobalt 
catalyst. ZIF-7 (12% Co) overall showed the lowest activity of all analogues tested. The 
best performing catalyst of this group was heat treated at 1050 oC and had an onset 
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potential of 0.66 V, termed ZIF712Co_1050 (Figure 3.2).  For samples burned at 900, 
950, 1000, and 1050 oC, the onset potential range was 0.50 to 0.71 V with n between 2.9 
to 3.8. The mass activity range fell between 0.16 and 0.43 A g-1, and the current density 
range was 0.2 to 0.020 mA cm-2 (Table 3.2). This series had one of the lowest overall 
onset potential ranges, it had the highest n values of all cobalt analogue-derived catalysts. 
However, while the catalyst carbonized at 900 oC had an onset potential of 0.71 V and an 
electron transfer number of 3.8, its mass activity was only 0.17 A/g. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 RRDE potential curves of ZIF-7 (12% Co)-derived carbon catalysts. 
ZIF7_12Co900 (brown), ZIF7_12Co950 (blue), ZIF7_12Co1000 (green), and 
ZIF7_12Co1050 (red).  
 
ZIF-7 (25% Co) resulted in the thickest of all the analyzed catalysts, with the 
catalyst showing full and even electrode coverage on the glassy carbon electrode’s 
surface. The best performing catalyst of this group was heat treated at 950 oC, named  
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Table 3.2 Summary of Catalytic Performance of ZIF-7 (12% Co)-derived Carbons  
 
ZIF725Co_950 (Figure 3.3). It has an onset potential of 0.80 V with an n of 3.6. 
The onset potentials for the pyrolyzed ZIF-7 25% cobalt catalysts at 900, 950, 1000, and 
1050 oC varied from 0.64 to 0.80 V; however, the n values were very low, between 2.6-
3.6, with the catalyst at 1050 oC having the lowest electron transfer number, current 
density, mass activity, and onset potential (Table 3.3). The current density range for the 
series was 0.001 to 3.4 mA cm-2, with the worst performance from ZIF725Co_1050. Mass 
activities for these catalysts ranged from 1.0 to 2.8 A g-1. 
ZIF-7 (35% Co) resulted in the thinnest catalyst inks in comparison to those from 
the other ZIF samples. The best performing catalyst of this group was heat treated at 
1050oC, named ZIF735Co_1050 (Figure 3.4). It has an onset potential of 0.78 V and the 
highest electron transfer number (3.4), current density (3.4 mA cm-2), and mass activity 
(0.90 A g-1) of the catalysts in this series. The series had an onset potential range of 0.60 
to 0.78 V, a n value range of 2.9 to 3.4, and mass activities between 0.36 and 0.90 A/g 
(Table 3.4). ZIF-9-derived carbon catalysts, containing no zinc in the parent crystal, had 
an onset potential range of 0.10 to 0.78 V and an electron transfer number, n, between 
2.6-3.3, with higher carbonization temperatures of 1000 and 1050 oC exhibiting the worst 
catalytic performance (Figure 3.5) (Table 3.5). The current densities of these materials  
Temperature 
(oC) 
Onset 
Potential 
(V) 
Electron Transfer 
Number 
Current Density 
(mA cm-2) 
Mass Activity 
(A g-1) 
900 0.71 3.8 0.20 0.17 
950 0.50 2.9 0.020 0.17 
1000 0.58 3.4 0.052 0.43 
1050 0.66 3.2 0.20 0.16 
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Figure 3.3 RRDE potential curves of ZIF-7 (25% Co)-derived carbon catalysts. 
ZIF725Co_900 (brown), ZIF725Co_950 (blue), ZIF725Co_1000 (green), and 
ZIF725Co_1050 (red). 
 
Table 3.3 Summary of Catalytic Performance of ZIF-7 (25% Co)-derived Carbons  
 
ranged from 0.001 to 1.2 A cm-2. Mass activities ranged from 0.016 to 3.0 A g-1.  The best 
performing catalyst was burned at 900 oC, termed ZIF9_900. Electron transfer numbers 
decreased consistently with higher pyrolysis temperatures. However, as ZIF-9 contained 
no zinc in the parent material, heating this material to temperatures significantly greater 
than the boiling point of zinc hold no advantages to increasing mass transport. 
 
Temperature 
(oC) 
Onset 
Potential 
(V) Electron Transfer 
Current Density 
mA/cm2 
Mass Activity 
(A/g) 
900 0.76 3.4 2.3 1.7 
950 0.80 3.6 1.7 1.4 
1000 0.79 3.1 0.47 0.39 
1050 0.64 2.7 0.001 0.0008 
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Figure 3.4 RRDE potential curves of ZIF-7 (35% Co)-derived carbon catalysts. 
ZIF735Co_900 (brown), ZIF735Co_950 (blue), ZIF735Co_1000 (green), and 
ZIF735Co_1050 (red).  
 
Table 3.4 Summary of Catalytic Performance of ZIF-7 (35% Co)-derived Carbons  
 
ZIF-7 (12% Co)-derived catalysts had the lowest ratio of cobalt to zinc, and showed 
the most consistently low current densities and mass activities. However, the electron 
transfer number for ZIF7_12Co900 was the highest amongst all the catalysts tested.  ZIF-
7 (35% Co)-derived catalysts, where the onset potential range spiked from 0.63 to 0.78 
Temperature 
(oC) 
Onset 
Potential 
(V) Electron Transfer 
Current Density 
mA/cm2 
Mass Activity 
(A/g) 
900 0.63 3.3 1.3 0.36 
950 0.60 2.9 3.3 0.19 
1000 0.78 3.2 2.5 0.79 
1050 0.78 3.4 3.4 0.90 
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V from 900 oC to 1050 oC respectively, with more than doubled the current density from 
900 oC to 1050 oC. Additionally, ZIF-7 (25% Co)-derived catalysts showed an increase in 
onset potential from 0.76 V to 0.80 V from 900 to 950 oC, significantly 0.64 V at 1050 oC. 
The number of electrons transferred, current densities, and mass activities all decreased 
with increasing pyrolysis temperature after 950 oC. The best performing catalysts of each 
bimetallic series were compared to ZIF-7 at 950 oC in Figure 3.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 RRDE potential curves of ZIF-9-derived carbon catalysts. ZIF9_900 (brown), 
ZIF9_950 (blue), ZIF9_1000 (green), and ZIF9_1050 (red).  
 
Table 3.5 Summary of Catalytic Performance of ZIF-9-derived Carbons 
 
Temperature 
(oC) 
Onset 
Potential 
(V) Electron Transfer 
Current Density 
mA/cm2 
Mass Activity 
(A/g) 
900 0.76 3.3 1.2 1.0 
950 0.70 3.0 1.1 0.89 
1000 0.10 2.9 0.0015 0.0012 
1050 0.50 2.6 0.019 0.016 
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Figure 3.6 RRDE potential curves of best performing catalysts in each series. ZIF-7 at 
950oC (red), ZIF712Co_1050 (brown), ZIF725Co_950 (green), ZIF735Co_1050 (blue), 
and ZIF9_900 (purple). 
 
 
3.4.2 Structural Analysis 
In targeted catalyst design, there are two factors that are paramount to the 
development of high performing materials: composition and morphology. Composition 
tuning is normally done in the choice of precursor. The selection of a diverse array of 
porous structures that can be functionally modified is the advantage of using MOF 
systems for ORR catalysis. Bimetallic ZIFs address the need for a uniform dispersion of 
active sites in a catalyst, and an imidazolate ligand helps to advance mass transfer.  
Moreover, morphology control can be directly linked to pyrolysis parameters. At 
lower temperatures (<500 oC), electron conductivity of resultant carbons is usually poor. 
Mid- range temperatures (500-800 oC) yield high surface areas, as there is some retention 
structure of the parent MOF retained.25 For Zn-based MOFs, high temperatures (>800 
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oC) are preferred to facilitate the removal of Zn (>900 oC), which forms voids in the carbon 
matrix. Higher temperatures are commonly more favorable for higher degrees of 
graphitization.  
To evaluate how these factors affect ZIF-derived carbon catalysts, the structural 
and morphological characteristics of the best performing materials from each ratio series 
were compared.  
Figure 3.7 PXRD patterns of ZIF712Co_1050 (brown), ZIF725Co_950 (green), 
ZIF735Co_1050 (blue), and ZIF9_900 (purple). 
 
 
As seen in (Figure 3.7), PXRD patterns of the ZIF-derived carbons revealed no 
differences in the ZIF-7-derived carbon analogues, with graphitic peaks around 20o, fcc-
cobalt at 44o and 76o, and Co4N at 52o.  The fcc-cobalt peak at 76o is not present for 
ZIF9_900. TEM images of the materials were taken (Figure 3.8). ZIF9_900 retained a 
defined cubic structure post pyrolysis, and less aggregation of carbon particles was 
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observed in the microscope. The ZIF-7-derived carbons showed no distinguishable 
morphological differences.  
 
 
Figure 3.8 Transmission Electron Microscopy images of a) ZIF712Co_1050, b) 
ZIF725Co_950, c) ZIF735Co_1050, and d) ZIF9_900. 
 
Raman spectroscopy studies were employed to compare the graphitic character 
of the ZIF-derived carbons (Figure 3.9). ID/IG ratios of Raman spectra correlate to the sp3 
and sp2 character of graphitic materials, respectively. Defects in carbon materials help to 
improve catalytic performance by introducing disorder into in-plane and out-of- plane 
directions of graphitic planes26.  D- peaks at 1350 cm-1 and G- peaks at 1582 cm-1 were 
observed for ZIF712Co_1050, ZIF725Co_950, ZIF735Co_1050, and ZIF9_900. The ID/IG 
ratio of all the catalysts was 1.04, showing no discernable difference in graphitic 
character. 
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Figure 3.9 Raman spectra of a) ZIF712Co_1050 (brown), b) ZIF725Co_950 (green), c) 
ZIF735_1050 (blue), and d) ZIF9_900 (purple). 
 
Gas sorption experiments were performed to determine the BET surface areas and 
porosities of the carbon catalysts (Figures 3.10-3.13). ZIF7_25Co950 had the highest 
surface area of 410 m2 g-1. ZIF735Co_1050 had the lowest surface area of 295 m2 g-1. All 
the materials in the group had a mesopore diameter range of 20-50Å. ZIF712Co1_050 
had a surface area of 354 m2 g-1 and had the smallest micropore diameter range (14-18 
Å) compared to the other catalysts (11-18 Å). Interestingly ZIF712Co_1050 had a surface 
area comparable to Z9_900, it had the worst catalytic performance by way of onset 
potential, current density, mass activity.  It is understood that a narrow pore size 
distribution is a necessary component for good oxygen reduction catalysis in carbon 
materials; however, pore volume is crucial as well. It is probable that the despite the  
c                     d 
a     b 
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Figure 3.10 a) N2 isotherm of a) ZIF712Co_1050 and b) Pore size distribution of 
ZIF712Co_1050. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 a) N2 isotherm of a) ZIF725Co_1050 and b) Pore size distribution of 
ZIF725C_1050. 
 
smaller micropore diameter range, the low pore volume and lower cobalt doping amount 
in the parent bimetallic ZIF contributed to the poor comparative performance of 
ZIF712Co_1050.  The absence of considerable amounts of Co in the catalyst precursor 
likely left the carbon catalyst with few active sites as compared to the higher cobalt 
loadings. This could lead to the slow kinetics shown by ZIF712Co_1050, with its current 
a         b 
a         b 
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Figure 3.12 a) N2 isotherm of a) ZIF7_35Co1050 and b) Pore size distribution of 
ZIF7_35Co1050. 
 
 
 
 
 
 
 
 
 
Figure 3.13 a) N2 isotherm of a) ZIF9_900 and b) Pore size distribution of 
ZIF712Co_1050. 
 
density being 12.5 times lower than ZIF725Co_950. Moreover, the mas activity of 
ZIF712Co_950 was 10 times smaller than that of ZIF725Co_950. The two highest 
performing catalysts of the group, ZIF725Co_950 and ZIF9_900 had the highest surface 
areas, current densities, and mass activities, with ZIF725Co_950 having the highest n of 
3.6 and ZIF9_900 trailing just behind ZIF7_35Co1050 with a n of 3.4 (Table 3.6). Both 
a          b 
 a              b 
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were pyrolyzed under 1000 oC. The worst performing catalysts were both pyrolyzed over 
1000 oC and had the lowest surface areas.  Control of pyrolysis conditions and metal 
doping gives rise to vastly distinct electrochemical performances, supporting the notion 
that efficient catalyst design starts with composition and intentional experimental 
parameter regulation. The two materials with the higher surface areas, with moderate 
amounts of Co or a complete absence of Zn in the parent materials, had the best overall 
catalytic activity amongst the materials and pyrolysis temperatures below 1000 oC.  
 
Table 3.6 Summary of Catalytic Performance of Best ZIF-derived Carbons Performance from 
Each ZIF Catalyst Series 
 
 
3.5 Conclusion 
 
ZIFs, a subclass of MOFs, when heat treated, show promising ORR activity and 
represent a potential alternative to expensive PGM catalysts. A systematic study of the 
ORR activity of these transition metals can further knowledge and understanding of the 
parameters for the ORR activity of transition metals (Table 3.7). This understanding can 
directly lead to better design of efficient and inexpensive catalysts. High surface areas, 
Catalyst 
Onset 
Potential 
(V) 
Electron 
Transfer 
Current 
Density 
mA/cm2 
Mass 
Activity 
(A/g) 
BET 
Surface 
Area 
(m2 g-1) 
Micropore 
Diameter 
(Å) 
Mesopore 
Diameter 
(Å) 
Z712Co_1050 0.66 3.2 0.2 0.17 354 14-18 20-50 
Z725Co_950 0.80 3.6 2.3 1.8 410 11-18 20-50 
Z735Co_1050 0.78 3.2 2.5 0.79 295 11-18 20-50 
ZIF-9_900 0.76 3.3 2.3 1.8 359 11-18 20-50 
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narrow pore size distributions, and fine-tuned metallic content contributed to the 
enhancement of catalytic activity and recognizing the factors that contribute to the rational 
design on MOF-derived carbon materials for oxygen reduction.  
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Temperature (oC) Onset Potential (V) Electron Transfer  Current Density (mA/cm2)  Mass Activity (A/g) 
  
 ZIF-7 (12% 
Co) 
  
  
  
900 0.71 3.8 0.2 0.17     
950 0.5 2.9 0.02 0.17     
1000 0.58 3.4 0.052 0.43     
1050 0.66 3.2 0.2 0.16     
  Temperature (
oC) Onset Potential (V) Electron Transfer  Current Density (mA/cm2) Mass Activity (A/g)     
 
 
ZIF-7 (25% Co) 
 
900 0.76 3.4 2.3 1.7     
950 0.8 3.6 1.7 1.4     
1000 0.79 3.1 0.47 0.39     
1050 0.64 2.7 0.001 0.0008     
  Temperature  Onset Potential  Electron Transfer  Current Density (mA/cm
2) Mass Activity (A/g)     
ZIF-7 (35% Co) 
900 0.63 3.3 1.3 0.36     
950 0.6 2.9 3.3 0.19     
1000 0.78 3.2 2.5 0.79     
1050 0.78 3.4 3.4 0.9     
  Temperature  Onset Potential  Electron Transfer  Current Density (mA/cm
2) Mass Activity (A/g)     
ZIF-9 
900 0.76 3.3 1.2 1.0     
950 0.70 3 1.1 0.89     
1000 0.1 2.9 0.0015 0.0012     
1050 0.5 2.6 0.019 0.016     
Best Catalysts 
Catalyst Temperature  Electron Transfer Current Density (mA/cm2) Mass Activity (A/g) 
BET Surface Area 
(m2 g-1) 
Micropore 
Diameter(Å) 
Mesopore 
Diameter 
(Å) 
Z712Co_1050 0.66 3.2 0.2 0.17 354 14-18 20-50 
Z725Co_950 0.80 3.6 2.3 1.8 410 18-Nov 20-50 
Z735Co_1050 0.78 3.2 2.5 0.79 295 18-Nov 20-50 
ZIF-9_900 0.76 3.3 2.3 1.0 359 18-Nov 20-50 
Table 3.7 Summary of Catalytic Performance for All Catalysts 
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CHAPTER FOUR:  
IRON NANOFLAKES ON MOF-DERIVED CARBON FOR OXYGEN REDUCTION 
AND HYDROGEN EVOLUTION 
 
4.1 Abstract 
 
 Iron is one of the cheapest, most abundant, and most effective transition metals 
used in non-platinum group metal catalysts in electrochemical studies. Iron, combined 
with of iron with a Zeolitic Imidazole Framework (ZIF), ZIF-7, was used as a self-sacrificing 
precursor for ZIF-derived carbons. A series of porous carbon catalysts with varied 
morphologies has displayed catalytic performance in acidic and alkaline media for the 
reduction of oxygen as well as good performance for hydrogen evolution in an acidic 
electrolyte.  
 
4.2 Background 
 
4.2.1 Transition Metal Electrocatalysts  
Ever increasing energy demands have been the driving force behind research 
efforts into clean, alternative forms of energy. Polymer electrolyte fuel cell (PEMFC) 
technology has been critical for use in hydrogen powered automotive applications and 
distributed power generation systems.1-2 It is well known that platinum catalysts are 
71 
 
currently at the helm of high commercial PEMFC performance; however, with limited Pt 
reserves and Pt’s sensitivity to CO poisoning and leaching,3-4 large scale production of 
PEMFCs with high Pt loadings will entail exorbitant costs.5 Significant efforts have been 
spent developing non-precious metal catalysts (NPMCs) as cathode materials to improve 
the sluggish kinetics of the oxygen reduction reaction (ORR).6-7 The preferred functionality 
of these NPMCs contains M-N-C active sites, which are easily grafted into Metal-Organic 
Frameworks (MOFs) for use as pristine catalysts or as precursors for pyrolysis.8-12  
Many transition metal (TM)-based MOFs have been explored for ORR catalysis. 
Advantages of pyrolyzing transition metal-based MOFs include the generation of high 
surface area carbon structures with well-defined porosity and tunable functionality (via 
precursor design). Additionally, pristine MOFs and MOF-derived metal oxides can be 
combined with materials such as carbon nanotubes (CNTs), graphene oxide (GO), and 
reduced graphene oxide (RGO) to overcome poor electrical conductivity in the TM-based 
electrodes, as porous MOFs usually act as electrical insulators. Direct carbonization of 
pristine materials is often necessary to increase electrical conductivity.13  
While both composition and morphology are the foundation of effective catalyst 
design, morphology is the most difficult to regulate. Achieving adequate amounts of active 
sites is a facile process due to the inherent highly ordered structure of MOFs, while control 
of the degree of graphitization and pore size distribution rely heavily on the pyrolysis or 
calcination conditions. These structural factors are crucial in the enhancement of 
electrolyte permeability, fast mass transport, and electron transfer—all of which enhance 
the reduction reaction kinetics.  
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Iron is one of the most effective and well-studied TMs for NPMCs, as it is one of 
the most abundant elements in the earth’s crust and one of the highest most abundant 
elements in the world, making it advantageous in the development of inexpensive 
catalysts to replace Pt. Fe has been widely used in MOFs and non-MOFs for 
electrochemical applications, and is widely considered a much more active catalyst for 
ORR than its Co, Mn, and Ni counterparts.14-17 Not only have Fe catalysts shown catalytic 
activity significantly higher than some other TM catalysts, some Fe-based catalysts have 
been comparable to Pt standards.18-19  
 
4.2.2 MOFs for Hydrogen Evolution 
 High gravimetric density compared to gasoline, high combustion efficiency, and 
Earth abundance make hydrogen is one of the most ideal clean energy materials. Large 
scale generation of hydrogen is needed to bring hydrogen up to industrial and economic 
standards. Current methods of hydrogen production include steam reformation of fossil 
fuels, which increases CO2 emissions and expends already limited natural resources. 
One of the best methods to produce H2 is water splitting, which involves an oxygen 
evolution reaction (OER) at the anode and a hydrogen evolution reaction (HER) at the 
cathode.  The cathodic half-cell reaction of water splitting has been studied extensively 
and has applications in a variety of devices.20-21  
The hydrogen evolution reaction is a multistep process (2H+ + 2e-→ H2) that 
functions according first by a Volmer reaction (electrochemical hydrogen adsorption) 
(equations a and b), followed by a Heryrovsky reaction (electrochemical desorption) 
(equations c and d) or a Tafel reaction (chemical desorption) (equation e): 
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In acidic electrolytes:       H+ + M + e-  M-Hads                       (a) 
In alkaline electrolytes:                      H2O + M + e-  M-Hads + O-H                       (b) 
followed by: 
In acidic electrolytes:                         M-Hads + H+ + e-  M + H2                              (c) 
In alkaline electrolytes:                            M-Hads + H2O + e-  M + OH- + H2                                               (d) 
or: 
In acidic and alkaline electrolytes:     2 M-Hads  2 M +H2                                              (e) 
 
where Hads is a hydrogen atom adsorbed onto the active sites of the electrode surface.22 
As with ORR, OER and HER experience sluggish kinetics, and Ir/Ru and Pt are used as 
the preferred electrocatalysts, respectively.   
The development of carbon based materials has been a target for the exploration 
TM-based catalysts to replace Pt.23-25 As such, MOFs again show promise as platforms 
for catalyst development. Constructing a good electrocatalyst for HER requires 
augmenting the charge transfer process, tuning the surface and bulk properties, 
controlling the morphology.26  In MOFs controlling the morphology and surface properties 
of an efficient catalyst starts with construct selection. ZIF-67 was used to generate CoP 
nanoparticles which revealed electrochemical performance higher that most NPMCs.27 
Furthermore, excellent performance can also be seen with FeP catalysts.28-29 
Outstanding surface optimization was also seen in an inherently conductive Fe-MOF. Mn 
was replaced with Fe in a MOF based on 2,5-disulfhydrylbenzene-1,4-dicarboxylate, 
which significantly enhanced the electrical conductivity of the framework. In this chapter, 
we explore the use of an iron-doped zeolitic imidazolate framework (ZIF), a subclass of 
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MOFs, as a precursor for ORR and HER catalysis. ZIF-7, a Zn based MOF was used as 
a platform for TM and morphology control in an acidic medium for HER and both alkaline 
and acidic media for ORR. 
 
4.3 Experimental Section 
 
General Information: All chemicals were purchased from Sigma-Aldrich or Fisher 
Scientific and used without further purification. 
 
4.3.1 Synthesis of ZIF Catalysts 
 Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) (0.490 g, 1.65 mmol), benzimidazole 
(C7H6N2, 0.195 g, 1.65 mmol), and N,N‐dimethylformamide (DMF, 15 mL) were charged 
to a 20 mL vial and heated at 130 oC for 48 hours. Yield: 0.050 g, 60% based on 
benzimidazole). ZIF-7 (0.010 g) was combined with 15 mL of a saturated 
FeSO4·9H2O/methanol solution. The mixture rested for 72 hours at room temperature. 
The crystals were then washed with fresh methanol three times daily over three days. 
After the crystals were dried, various amounts of iron(II) acetate (Fe(C2H3O2)2) (0.0084 g, 
0.048 mmol; 0.0167 g, 0.096 mmol; 0.0334 g, 0.192 mmol; and 0.0418 g, 0.2400 mmol) 
were ground with 0.250 g of the crystals.  
Each crystal/iron acetate mixture was ground into a fine powder and placed in a 
ceramic crucible. The mixtures were then placed in a MTI Corporation 1100 oC Compact 
Split Tube Furnace with a 2-inch mullite tube. Thermolysis was performed by carbonizing 
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the ZIFs under inert conditions (N2) at 950 oC with a ramp rate of 5o/min and a hold time 
at 950 oC of 3 hours. 
To generate the catalyst inks, activated carbon catalysts were further milled into a 
fine powder. Catalyst inks were prepared with 30:70 Nafion® (5 wt%): catalyst with 1 g of 
ethanol and were sonicated for 2 hours. Fixed masses were dropped onto on to glassy 
carbon electrode with a platinum ring and allowed to dry for electrochemical performance 
measurements.  
 
4.3.2 Characterization 
Powder X-ray diffraction (PXRD) patterns were obtained at room temperature 
using a Bruker D8 Advance Theta/2 Theta Diffractometer with a Cu radiation source (Cu 
Kα, λ= 1.5406 Å). Measurements were taken between 4o and 40o for pristine crystals and 
10o and 85o for carbon catalysts at 1 seconds/step with an increment step size of 0.0205o.  
Pristine ZIF-7-Fe powders were measured in a slush of crystals and DMF to prevent 
oxidation to iron(III).  
Brunauer–Emmett–Teller (BET) surface area and Density Funtional Theory (DFT) 
porosity measurements were obtained with a Micromeritics ASAP 2020 Surface Area 
Analyzer with N2 at 77 K using a liquid N2 bath. Catalysts were activated at room 
temperature for 24 hours immediately after pyrolysis.  
Scanning Electron Microscopy (SEM) images were collected via a Hitachi S-800 
Field Emission Scanning Electron Microscope with a cold cathode field emission source 
at an operating voltage of 25 kV. To prevent charging of the carbon catalysts, prior to 
SEM experiments, carbon samples were sputtered with an ultra-thin layer of 
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gold/palladium using a CRC Sputter Coater with a single 2-inch magneton gun and turbo 
pumped vacuum system. Raman spectroscopy data was collected with a Horiba Scientific 
LabRAM HR Evolution at a wavelength of 532 nm. 
 
4.3.3 Electrocatalytic Studies 
Electrocatalytic studies were carried out via a typical three electrode system with  
platinum counter electrode and a Ag/AgCl reference electrode filled with 4 M KCl with 
AgCl. A glassy carbon disk (GC) (Pine Instruments model AFED050P040GC) with a 
platinum ring was used as the working electrode. The electrode has collection efficiency, 
N, of 37%. The disk potential was controlled by a Pine Wavedriver 20 
Bipotentiostat/Galvanostat System. The rotation rate was controlled by a Pine MSR 
Electrode Rotator (model AFMSRCE). Approximately 240 μg of catalyst ink was 
deposited on the GC surface with a pipette and allowed to dry. All experiments were 
carried out at room temperature. Ultra-high purity nitrogen was used for background 
correction.  
Cyclic voltammetry (CV) experiments were conducted in ultra-high purity oxygen. 
The electrolyte solution, 0.1 M HClO4 or 0.1 M KOH, was purged with oxygen for half an 
hour prior to beginning the experiment to ensure saturation. A scan rate of 50 mVs-1 was 
used with a potential range of -1.0 to 1.0 V vs RHE for ORR. Background scans were 
collected after purging ultra-high purity N2 into the electrolyte solution for 30 minutes prior 
to oxygen experiments.  
Rotating ring-disk (RRDE) voltammetry experiments were conducted in ultra- high 
purity oxygen. The electrolyte solution, either 0.1 M HClO4 or 0.1 M KOH, was purged 
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with oxygen for half an hour prior to beginning the experiment to ensure saturation. A 
scan rate of 10 mVs-1 was used with a potential range of -0.2 to 1.0 V vs RHE for ORR 
and 1 V to -0.6 V for HER. RRDE rotation rates ranged between 400 and 2400 rpm. A 
rotation rate of 1600 rpm was used to determine the electron transfer number, n, 
according to the following equation:        
                                                 
      (1) 
 
where Id is the disk current, Ir is the ring current, and N is the collection efficiency of the 
working electrode (37%). Alternatively, the electron transfer number can also be 
determined via the Koutecky-Levich equation at a range of electrode potentials: 
 
(2) 
 
      (3) 
 
      (4) 
 
where j is the experimental current density, jk is the kinetic current density, jl is the 
diffusion-limiting current density, ω is the angular velocity of the disk, n is the number of 
electrons transferred, F is Faraday’s constant (96485 Coulombs/mol), Do2 is diffusion 
coefficient of O2 in the electrolyte (1.93 ×  10-5 cm2s-1), v is the kinematics viscosity of the 
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electrolyte, and Co2 is the concentration of O2 in electrolyte (1.26 × 10-6 mol/cm3), and k 
is the electron transferred rate constant.  
 
4.4 Results and Discussion 
 
4.4.1 Structural Analysis  
Compositional and structural features are the most important aspects of 
electrocatalytic design. Slight changes were made to ZIF-7 for regulated control of 
morphological structures. Four Fe-based carbons were synthesized from the zinc parent. 
After soaking ZIF-7 in an iron(II) sulfate nonahydrate solution the retention of crystallinity 
and ZIF-7 topology was confirmed via powder X-ray diffraction patterns of wet crystals 
(ZIF-7-Fe) in a DMF slush. (Figure 4.X).  ZIF-7-Fe (0.250 g) was then ground with various 
amounts of iron(II) acetate and subjected to carbonization in N2 for 3 hours at 950 oC to 
yield four activated carbon powders (Table 4.1).  
 
 
 
 
 
 
 
 
Figure 4.1 PXRD patterns of ZIF-7 (black) and ZIF-7-Fe (red). 
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Following pyrolysis, PXRD patterns of the ZIF-7-Fe-derived catalysts were 
collected and compared (Figure 4.2). A graphitic peak was observed around 26o for each 
of the materials carbonized. PXRD patterns for Z7Fe950_10, Z7Fe950_20, and 
Z7Fe950_25 were identical, with peaks representative of Fe3C, Fe3N, and Fe2O3. 
Notably, the Fe3N and not present in the pattern for Z7Fe950_5. 
 
Table 4.1 Iron(II) Acetate content in ZIF-7-Fe derived precursors 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 PXRD patterns ZIF-7-derived carbon catalysts after pyrolysis at 950 oC. 
Z7Fe950_5 (black), Z7Fe950_10 (red), Z7Fe950_20 (blue), and Z7Fe950_25 (green). 
  
ZIF-7-Fe-Derived 
Carbon Catalyst 
Amount of Iron(II) 
Acetate in Parent 
Material (g) 
Amount of Iron(II) 
Acetate in Parent 
Material (mmol) 
Z7Fe950_5 0.0084 g 0.048 mmol 
Z7Fe950_10 0.0167 g 0.096 mmol 
Z7Fe950_20 0.0334 g 0.192 mmol 
Z7Fe950_25 0.0418 g 0.240 mmol 
Fe3C 
Fe3N 
Fe2O3 
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Raman spectroscopy was employed to further understand the environment of the 
carbon matrix (Figure 4.3). Two distinct peaks—a D-band at 1350 cm-1 and a G-band at 
1580 cm-1—were observed in the spectra of all four catalysts. The intensity of the ID/IG  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Raman spectra of a) Z7Fe950_5 (black), b) Z7Fe950_10 (red), c) 
Z7Fe950_20 (blue), and d) Z7Fe950_25 (green). 
 
ratios of the carbon structures relate the degree of graphitization of carbon materials by 
comparing the vibrations and oscillations of the sp2 carbons (G) and with the defects of 
the sp3 carbons(D) in the graphitic sheets.30 The ID/IG ratios of Z7Fe950_5, Z7Fe950_10, 
Z7Fe950_20, and Z7Fe950_25 were 1.02, 1.04, 1.04, and 1.03, respectively, indicative 
of disordered carbons in the local structures. The morphological properties of carbon 
based catalysts directly impact mass transfer and conductivity. The inclusion of 
a 
c 
b 
d 
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imidazolate structures is particularly of use, as imidazolate linkers ameliorate proton 
transfer during the water splitting process.  
Given the necessity of high surface areas, microporosity, and mesoporosity for 
oxygen reduction and hydrogen evolution, it was essential to investigate the surface 
areas and pore sizes of the iron-doped porous carbons  Brunauer–Emmett–Teller (BET) 
surface area measurements were collected for each carbon material and pore sizes were 
analyzed via density functional theory (DFT) (Figure 4.5 and Figure 4.5). Typical type IV 
isotherms with clear hysteresis indicated mesoporosity within each catalyst. While the 
porosity range of each catalyst fell between 20-50 Å, microporosity varied slightly in 
range, generally falling between 11-18 Å, with the microporosity range of 14-18 Å 
comprising a significantly higher amount of the surface area in Z7Fe950_10 than all the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 a) N2 isotherm of Z7Fe950_5 (black), b) DFT pore size distribution of 
Z7Fe950_5 (black); c) N2 isotherm of Z7Fe950_10 (red), d) DFT pore size distribution of 
Z7Fe950_10 (red). 
a 
c 
b 
d 
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other catalysts combined. Z7Fe950_5 exhibited the lowest surface area, at only 185 m2 -
1.  The metal loading in the parent material of Z7Fe950_10 was double than that of the  
parent material of Z7Fe950_5, and similarly the surface area of Z7Fe950_10 was double 
the surface area of Z7Fe950_5 at 366 m2 g-1 (Figure 4.4a) The iron(II) acetate loading in 
the parent of Z7Fe950_20 was 4 times higher than the parent of Z7Fe950_5, and the 
surface area was ~3.6 times higher at 668 m2 g-1. With 5 times the parental iron(II) acetate 
loading as the parent of Z7Fe950_5, Z7Fe950_25 had a surface area only ~3.4 times 
higher than Z7Fe950_5 at 618 m2 g-1.  
Lowering the activation energy barriers for the reduction of oxygen and facilitating 
a 4-electron pathway for ORR necessitates the inclusion of high surface areas and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 a) N2 isotherm of Z7Fe950_25 (blue), b) DFT pore size distribution of 
Z7Fe950_25 (blue); c) N2 isotherm of Z7Fe950_25 (green), d) DFT pore size distribution 
of Z7Fe950_25 (green). 
a b 
c d 
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accessible pores, especially for Fe-based catalysts with high number of active sites. 
Z7Fe950_5 has the lowest surface area and a high percentage of mesoporosity in 
comparison to the other catalysts. 
 
Table 4.2 BET surface area and porosity summary for carbon catalysts 
 
To better understand the phenomenon of increasing surface area with increasing 
parental iron loading and why the surface area of Z7Fe950_25 was not congruent with 
the pattern, scanning electron microscopy (SEM) images of the ZIF-derived catalysts 
were taken to examine the morphology of the carbon materials. At high magnification, 
Z7Fe950_5 revealed a visibly porous surface (Figure 4.6a-c). Z7Fe950_10 bared a higher 
occurrence of visible pores, appearing to have a sponge-like texture (Figure 4.6d-f).  
With double the initial iron(II) acetate content in its parent material than the parent 
material of Z7Fe950_10, Z7Fe950_20 developed not only a layered sheet-like 
morphology, but also an abundance of iron-containing nanoflakes on the surface of the 
sheets (Figure 4.7a-b). The carbon layers became increasingly flakier in Z7Fe950_25 
with sea anemone-like nanorods of more regular length on the surface of the carbon 
layers (Figure 4.7c-d).  The manifestation of these flaky layers coincides with a significant 
spike in surface area with higher metal loadings prior to pyrolysis. Moreover, the decrease 
ZIF-7-Fe-Derived 
Carbon Catalyst 
BET Surface 
Area 
(m2 g-1) 
Micropore 
Diameter (Å) 
Mesopore 
Diameter (Å) 
Z7Fe950_5 185 12-18 20-50 
Z7Fe950_10 366 14-18 20-50 
Z7Fe950_20 668 11-18 20-50 
Z7Fe950_25 618 13-18 20-50 
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in surface area from 668 m2 g-1 to 618 m2 g-1 corresponds to the development of the less 
ordered layers and smaller, rod-like Fe growth on the surface of Z7Fe950_25 compared 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 SEM images of a) Z7Fe950_5 at 5kX magnification, b) Z7Fe950_5 at 15kX 
magnification, c) Z7Fe950_10 at 3kX magnification, and d) Z7Fe950_5 at 20kX 
magnification 
 to Z7Fe950_20 
 
Figure 4.7 SEM images of a) Z7Fe950_20 at 2kX magnification, b) Z7Fe950_20 at 20kX 
magnification, c) Z7Fe950_20 at 40kX magnification, measured, d) Z7Fe950_25 at 3kX 
magnification, e) Z7Fe950_25 at 30kX magnification, and f) Z7Fe950_25 at 30kX 
magnification, measured. 
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4.4.2 Oxygen Reduction Reaction Catalysis 
To analyze the electrocatalytic performance of these materials, cyclic voltammetry 
(CV) measurements were performed, along with ORR polarization curves in 0.1 M KOH 
for all four carbon derivatives. Z7Fe950_5 showed a well-defined reduction peak along 
the cathodic sweep of the CV curve (Figure 4.8a). Rotating ring disk electrode (RRDE) 
polarization curve at 1600 rpm revealed an onset potential of 0.75 V, current density of 
0.2 mA/cm2 and mass activity of 0.65 A/g (Figure 4.8b). The electron transfer number, n, 
was 2.6, indicating a facilitation of a 2-electron transfer to generate ~30% hydrogen 
peroxide.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8 Electrocatalytic activity in 0.1 M KOH. a) Cyclic voltammogram of Z7Fe950_5, 
b) RRDE potential sweeps Z7Fe950_5; c) Cyclic voltammogram of Z7Fe950_10, d) 
RRDE potential sweeps Z7Fe950_10. 
a b 
c d 
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Cyclic voltammetry curves for Z7Fe950_10 exhibited 2 reduction potentials, 
showing a possible 2 mechanism oxygen reduction (Figure 4.8c). In addition, there was 
a shift in the limiting current plateau compared to Z7Fe950_5 (Figure 4.8d). The onset 
potential of Z7Fe950_10 was 0.79 V, just a 0.04 V improvement over Z7Fe950_5. 
However, the current density and mass activity both increased to 2.3 mA/cm2 and 1.6 
A/g, respectively. The electron transfer number also increased to 3.2.  
Z7Fe950_20 underwent a distortion in the sigmoidal shape of the RRDE 
polarization curve, as well as a decrease in the reduction peak of the cyclic 
voltammogram; however, the onset potential of 0.80 V was the highest recorded amongst 
the catalysts (Figure 4.9a-b). The current density increased to 3.6 mA/cm2, and mass 
activity and electron transfer were unchanged from Z7Fe950_10. As with Z7Fe950_10, 
Z7Fe950_25 exhibited 2 reduction potentials in both the CV and RRDE curves in addition 
to the shift in the limiting current plateau (Figure 4.9c-d). Its catalytic performance was 
also similar to that of Z7Fe950_10 by way of onset potential, and mass activity, showing 
an increase in n to match that of Z7Fe950_20. The carbon catalysts Z7Fe950_10 and 
Z7Fe950_20 both had the lowest half-wave potentials amongst the catalysts with 0.45 V 
and 0.32 V, respectively.   
Although Z7Fe950_5 had the lowest surface area, the half-wave potential was 
almost double that of Z7Fe950_25. Current density, mass activity, and electron transfer 
in the alkaline medium suffered, possibly as a function of the low surface area. Poor 
surface area and a lack of accessible pores likely decrease mass transport on the surface 
of the carbon matrix, contributing to the low mass activity of Z7Fe950_5 being 2.5 times 
lower than the other catalysts. 
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Figure 4.9 Electrocatalytic activity in 0.1 M KOH. a) Cyclic voltammogram of 
Z7Fe950_20, b) RRDE potential sweeps Z7Fe950_20; c) Cyclic voltammogram of 
Z7Fe950_25, d) RRDE potential sweeps Z7Fe950_25 
 
 
Table 4.3 Summary of ORR catalytic performance of ZIF-Fe-derived carbons in 0.1 M 
KOH 
 
Alkaline electrolytes are often the preferred choice of electrolyte solutions in ORR 
studies as reduction of oxygen in alkaline electrolytes is typically thermodynamically more 
favorable than oxygen reduction in acidic media. Generally, a larger overpotential is 
ZIF-7-Fe-
Derived Carbon 
Catalyst 
Onset 
Potential 
(V) 
Electron 
Transfer 
Current 
Density 
mA/cm2 
Half-wave 
potential 
(V) 
Mass 
Activity 
(A/g) 
BET 
Surface 
Area 
(m2 g-1) 
Micropore 
Diameter 
(Å) 
Mesopore 
Diameter 
(Å) 
Z7Fe950_5 0.75 2.6 0.2 0.73 0.65 185 12-18 20-50 
Z7Fe950_10 0.79 3.2 2.3 0.45 1.6 366 14-18 20-50 
Z7Fe950_20 0.80 3.6 2.5 0.67 1.6 668 11-18 20-50 
Z7Fe950_25 0.79 3.6 2.3 0.32 1.6 618 13-18 20-50 
a b 
c d 
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required in acidic media versus alkaline electrolytes. Moreover, acidic media can facilitate 
the removal of active sites from the carbon matrix. The electrocatalytic activity of the ZIF-
7-Fe-derived carbon catalysts was also examined in an acidic medium, with CV and 
RRDE experiments were performed in 0.1 M H2SO4.  
The performance of the catalysts almost mirrored that of the catalytic performance 
in 0.1 M KOH. A distinct reduction peak was observed in the cyclic voltammogram for 
Z7Fe950_5, which disappears with higher parental metal loading (Figure 4.10a). Notably, 
for Z7Fe950_10 and Z7Fe950_25, only one reduction potential was observed, indicating 
a different kinetic pathway to the reduction of oxygen as was observed in potassium 
hydroxide (Figure 4.10d and Figure 4.11d). Furthermore, the shift in the limiting current 
plateau diminished greatly. This suggests that the sluggish kinetics demonstrated by 
Z7Fe950_10, Z7Fe950_20, Z7Fe950_25 were considerably improved in 0.1 M H2SO4.  
The highest onset potential and mass activity belonged to Z7Fe950_20 at 0.80 V, while 
it shared the highest current density of 3.8 mA/cm2 with Z7Fe950_25. Once again, 
Z7Fe950_25 had a half wave potential equivalent to that of Z7Fe950_10. Intriguingly, 
Z7Fe950_5 outperformed all the other catalysts with respect to electron transfer, with a n 
of 3.6, whereas it had a significantly lower n in the alkaline electrolyte. A summary of the 
oxygen reduction catalytic activity is listed in (Table 4.4) The significant enhancement of 
the performance of Z7Fe950_5 and increase reaction speed of Z7Fe950_10, 
Z7Fe950_20 and Z7Fe950_25 in an acidic electrolyte may be attributed to leaching of 
additional Fe on the surface of the carbon matrix. Removal of additional Fe may have 
increased accessible active sites and surface area for Z7Fe950_5. This relays the 
importance of both composition and morphological control electrocatalysts. 
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Figure 4.10 Electrocatalytic activity in 0.1 M H2SO4. a) Cyclic voltammogram of 
Z7Fe950_5, b) RRDE potential sweeps Z7Fe950_5; c) Cyclic voltammogram of 
Z7Fe950_10, d) RRDE potential sweeps Z7Fe950_10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 Electrocatalytic activity in 0.1 M H2SO4. a) Cyclic voltammogram of 
Z7Fe950_20, b) RRDE potential sweeps Z7Fe950_20; c) Cyclic voltammogram of 
Z7Fe950_25, d) RRDE potential sweeps Z7Fe950_25. 
c                                     d 
 a                                     b 
 a                                     b 
c                                     d 
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Table 4.4 Summary of ORR catalytic performance of ZIF-Fe-derived carbons in 0.1 M 
H2SO4  
 
 
4.4.3 Hydrogen Evolution Catalysis 
Not only did these ZIF-7-Fe-derived carbon materials show good performance as 
oxygen reduction catalysts, but they also had good electrocatalytic performance in the 
hydrogen evolution reaction in 0.5 M H2SO4 (Figure 4.12). Z7Fe950_5 performed the  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 a) HER potential sweeps of Z7Fe950_5 (black), Z7Fe950_10 (red), 
Z7Fe950_20 (blue), and Z7Fe950_25 (green), and Pt/C (pink); b) Tafel plots of 
Z7Fe950_5 (black), Z7Fe950_10 (red), Z7Fe950_20 (blue), and Z7Fe950_25 (green), 
and Pt/C (pink). 
ZIF-7-Fe-
Derived Carbon 
Catalyst 
Onset 
Potential 
(V) 
Electron 
Transfer 
Current 
Density 
mA/cm2 
Half-wave 
potential 
(V) 
Mass 
Activity 
(A/g) 
BET 
Surface 
Area 
(m2 g-1) 
Micropore 
Diameter 
(Å) 
Mesopore 
Diameter 
(Å) 
Z7Fe950_5 0.76 3.6 1.6 0.56 1.3 185 12-18 20-50 
Z7Fe950_10 0.78 3.4 3.9 0.62 1.6 366 14-18 20-50 
Z7Fe950_20 0.80 3.1 3.8 0.66 1.6 668 11-18 20-50 
Z7Fe950_25 0.78 3.1 3.8 0.62 1.6 618 13-18 20-50 
a                                                    b 
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worst amongst the catalysts, with a Tafel slope of 146 mV/dec and an overpotential of 
200 mV at 10 mA/cm2. The catalytic activities of Z7Fe950_10 and Z7Fe950_20 were 
similar, opposed to Z7Fe950_10 and Z7Fe950_25 having similar performance in both 
acidic and alkaline media for ORR. The hydrogen evolution catalysis of the ZIF-derived 
carbons was compared to commercial Pt/C. Z7Fe950_25 had the best performance of 
the ZIF-derived porous carbon catalysts, with a Tafel slope of 74 mv/dec and an 
overpotential of 64 mV. A summary of the HER performance is provided in Table 4.5. 
Although the PXRD patterns and Raman spectra were inconclusive on the 
structural differences amongst the catalysts, the enhanced surface areas with higher 
amounts of parental metal doping, along with the obvious morphological differences in 
the SEM images provide evidence that the small changes in the local environment of the 
ZIF precursors direct the local morphological environment of the derived porous carbon  
matrix, which can have significant effects on the catalytic activity of the materials. 
 
Table 4.5 Summary of HER catalytic performance of ZIF-Fe-derived carbons in 0.5 M 
H2SO4  
 
 
 
 
 
 
 
 
 
Catalyst 
Tafel 
Slope 
(mv/dec) 
Electron 
Transfer 
BET 
Surface 
Area 
(m2 g-1) 
Micropore 
Diameter 
(Å) 
Mesopore 
Diameter 
(Å) 
Z7Fe950_5 146 3.6 185 12-18 20-50 
Z7Fe950_10 171 3.4 366 14-18 20-50 
Z7Fe950_20 177 3.1 668 11-18 20-50 
Z7Fe950_25 74 3.1 618 13-18 20-50 
Pt/C 40 24 - - - 
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Oxygen Reduction in 0.1 M KOH 
ZIF-7-Fe-Derived 
Carbon Catalyst 
Onset 
Potential Electron 
Transfer 
Current Density Half-wave potential Mass Activity 
(A/g) 
BET 
Surface 
Area 
Micropore 
Diameter 
(Å) 
Mesopore 
Diameter 
(Å) (V) mA/cm
2 (V) (m2 g-1) 
Z7Fe950_5 0.75 2.6 0.2 0.73 0.65 185 18-Dec 20-50 
Z7Fe950_10 0.79 3.2 2.3 0.45 1.6 366 14-18 20-50 
Z7Fe950_20 0.8 3.6 2.5 0.67 1.6 668 18-Nov 20-50 
Z7Fe950_25 0.79 3.6 2.3 0.32 1.6 618 13-18 20-50 
Oxygen Reduction in 0.1 M H2SO4 
ZIF-7-Fe-Derived 
Carbon Catalyst 
Onset 
Potential Electron 
Transfer 
Current Density Half-wave potential Mass Activity 
(A/g) 
BET 
Surface 
Area 
Micropore 
Diameter 
(Å) 
Mesopore 
Diameter 
(Å) (V) mA/cm
2 (V) (m2 g-1) 
Z7Fe950_5 0.76 3.6 1.6 0.56 1.3 185 12-18 20-50 
Z7Fe950_10 0.78 3.4 3.9 0.62 1.6 366 14-18 20-50 
Z7Fe950_20 0.8 3.1 3.8 0.66 1.6 668 11-18 20-50 
Z7Fe950_25 0.78 3.1 3.8 0.62 1.6 618 13-18 20-50 
Hydrogen Evolution in 0.1 M  H2SO4 
Catalyst 
Tafel Slope Electron 
Transfer 
BET Surface 
Area Micropore Diameter 
(Å) 
Mesopore 
Diameter (Å) 
  
(mv/dec) (m2 g-1) 
Z7Fe950_5 146 3.6 185 12-18 20-50 
  
Z7Fe950_10 171 3.4 366 14-18 20-50 
Z7Fe950_20 177 3.1 668 11-18 20-50 
Z7Fe950_25 74 3.1 618 13-18 20-50 
Pt/C 40 24 - - - 
Table 4.6 Complete Electrocatalysis Summary 
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4.5 Conclusion 
 
The thermal treatment of a Zn/Fe bimetallic ZIF generated iron nanoflakes from 
high iron loadings. These materials demonstrated good oxygen reduction in both acidic 
and basic electrolyte solutions. The carbon material derived from the ZIF with the highest 
parental iron loading also performed excellently as a hydrogen evolution catalyst in an 
acidic electrolyte. The high surface areas, metal loading, porosities, and graphitic defects 
allowed for graphetically similar but morphologically different materials to exhibit good 
electrocatalytic performance in varied pH environments.  
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